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ABSTRACT
This dissertation presents results from research in experimental and numerical studies 
related to deep denting o f  mild steel pipes. Two sets of large scale steel pipes having similar aspect 
ratios, diameter to thickness (D/t ) o f  64 and length to diameter (L/D) o f 4.5 to 5 were tested in the 
laboratory and analyzed by nonlinear finite element method (FEA). The experiments were 
performed on a  set o f  12 inch diameter, 0.1875 inch thick, 60 inch long, and a  set o f  8 inch 
diameter, 0.125 inch thick, 36 inch long pipes using an MTS axial torsional testing equipment and 
Tinius Olsen universal testing machine. Strain gages were installed at selected locations on the 
pipes in each experiment. In some cases, preliminary finite element analysis was performed prior 
to the experimental procedure which helped in the selection of critical locations for strain gage 
installation. Preliminary FEA also helped in the selection o f the maximum size o f  the pipes that 
could be dented without exceeding the capacities of the equipment. Pipes were tested with and 
without 0.5 inch thick welded end plates to study the influence o f the addition o f  end plates on the 
stress and strain behavior. Pipes were dented in two modes; transverse and longitudinal modes up 
to dent depths equal to the radius o f the pipe in the 12 inch diameter pipes, and equal to 1.5 times 
the radius in the 8 inch diameter pipes. Such large scale deep denting, equal or larger than the radii 
o f  the pipe have not been reported in the literature. The results of the longitudinal denting mode of 
denting studies discussed in this dissertation also have not been reported in the literature. The 
transverse denting mode was performed at the center points and quarter points o f  the pipes with 
end plates and only at center points for the pipes without end plates. A wedge shaped
in
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indenter 14 inches wide having a  tip radius of 0.3125 inch is used to perform denting o f  the steel 
pipes.
Material characterizations, up to failure in the neck region, were performed on steel 
specimen cut longitudinally from the pipes. Successive cycles o f  loading and unloading were used 
to characterize the behavior o f the mild steel pipes. Strain gages capable o f  20% strain were 
placed in the neck region at each loading cycle until the ultimate tensile strain was reached and the 
tensile strength for the specimen was measured. This technique was used to obtain an accurate 
description of the localized behavior of the mild steel specimen in the neck region.
All experiments were duplicated by finite element analysis using shell elements. Large 
geometrical and material nonlinearities were included in FEA and gap elements were used to model 
the contact between the indenter and the pipes. Comparisons are shown between the experimental 
and the FEA results a t various locations on the pipes and end plates during all stages o f  denting. In 
the literature, such a  direct comparison o f FEA strain results to experimental strain gage readings 
at different points on the pipes have not been reported. Finite element method was proved to be 
able to duplicate the deep pipe denting experiments with reasonable accuracy given the large 
deformations and material bifurcation that are developed due to deep denting. The influence of 
boundary conditions on the strain and deformation pattern of the dented pipes is discussed at length 
for the different modes o f denting analyzed using FEA. Perforation failure was observed due to 
longitudinal indentation during the experiment on the 8 inch diameter pipe with end plates. This 
failure mode was also predicted by the finite element analysis.
IV
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CHAPTER 1 
INTRODUCTION AND SCOPE OF RESEARCH
The current phase, an experimental and nonlinear finite element analysis, of a  long term 
research effort concerning the study o f the structural response o f large steel containers is reported 
in this dissertation. The structural response of high level nuclear waste containers has been under 
investigation for the last five years under a U.S. Department o f Energy Grant # DE-FC08- 
90NV10872. Steel pipes having the same aspect ratio as the proposed Multipurpose Container 
(MPC) used for storage o f High Level Nuclear Waste (HLNW), is investigated in this dissertation. 
The analysis and testing program simulated some potential damage scenarios that may occur under 
normal handling conditions o f the containers. The research involves extensive structural testing of 
mild steel pipes having the same aspect ratio of the containers in various denting modes. All the 
experiments are duplicated using nonlinear elasto-plastic, iterative, large deformation finite element 
analysis. One o f the main objectives o f  the research is to verify the accuracy and dependability of 
numerical FEA in predicting the behavior of cylindrical shell structures subjected to large 
displacements and bifurcation in material properties, and also to study the dented behavior o f  the 
pipes due to longitudinal denting which has not been previously reported in the literature. The 
effect o f loading at quarter points o f the pipes (i.e. at a distance equal to one-fourth the length o f 
the pipe) on the behavior of the pipes has also not been reported previously in the literature.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Investigation o f dented steel pipes and containers have wide applications in the offshore industries, 
pressure vessel design and the pipe line industries. Many researchers in the past have studied the 
effect o f dents on the axial capacity of steel tubing and on containers with internal pressure. A 
summary o f the work done in the past on denting of steel pipes is given in Chapter 2. Our 
literature review indicates that longitudinal deep denting modes have not been reported. The 
literature review also indicates that strain results from FEA have not been compared to 
experimental strains during the denting in pipes. Results from very deep denting have not been 
reported for dent depths beyond 0 .125D either experimentally or by finite element analysis.
Researchers in the past have used different types o f  indenters to perform denting 
experiments, in this dissertation, a wedge shaped indenter was chosen with a tip radius o f  0.3125 
inch, for performing both the transverse and the longitudinal indentations on pipes. The choice o f 
the indenter and other experimental considerations are discussed in Chapter 3. Material 
characteristics were determined by performing tensile tests on various longitudinal specimen cut 
from the pipes which were analyzed and tested. Chapter 4 explains the various steps involved in 
performing the tensile tests using the MTS testing equipment. Finite element modeling and the 
types o f elements used are discussed at length in Chapter 5.
A comparison between the experimental strain gage readings and the corresponding FEA 
strain results a t selected locations is given in Chapter 6 for the transverse mode of indentation. A 
similar comparison is made in Chapter 7 for the longitudinal mode o f  indentation. The substantial 
effect of boundary conditions on the behavior of tested pipes is discussed in the appropriate 
sections in Chapters 6 and 7. A comparison between the results obtained from the 12 inch and the 
8 inch diameter pipes is detailed in Chapter 8. this chapter also includes the effects of the addition 
o f end plates and the change in the location o f loading on behavior o f the dented pipes.
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CHAPTER 2 
LITERATURE SURVEY
Wu et.al. (1990) studied the effects o f a  potential drop o f a shipping cask, a waste 
container and a bare fuel assembly during waste handling operations. Several waste handling 
scenarios involving cask and container impacts are described in their work and estimates o f  the 
maximum loads imposed on different parts o f a cask or container and methods o f  mitigating the 
effects o f these impacts are also discussed in their report. Impact analyses, using finite element 
techniques, were performed to estimate the limiting drop height o f a waste container and to assess 
the potential damage to a bare fuel assembly or an individual pin in the event of an assembly or a 
fuel pin drop. T.G. Carley (1990) studied the inelastic energy dissipation in cylindrical shipping 
containers dropped on one edge. The analysis o f the deformation in the cylindrical wall o f the cask 
was carried out using a modification of the inextcnsional collapse analysis o f  axially loaded thin- 
walled tubes. The results o f the analysis presented the total energy dissipation in the cask as a 
function o f the extent of damage. Teper (1991) discussed loading conditions and performed finite 
element analysis to evaluate the long term and short term performance o f a nuclear waste storage 
container. The short term performance included loads resulting from lifting, static overburden 
pressure and external pressure that may result from saturation o f ground water. The long term 
performance included reduction o f shell thickness due to corrosion. An experimental investigation 
was also performed to evaluate the strains on the container due to impact resulting from different
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
drop heights. Ammerman (1992) investigated the severity o f the regulatory 9 meter drop onto an 
unyielding target required for radioactive shipping packages since this drop height results in an 
impact velocity o f  13.3 m/s. It is the unyielding nature of the regulatory target which makes the 9 
meter drop so severe. In his paper, Ammerman developed a method for relating higher velocity 
impacts onto yielding targets to impacts onto an unyielding target. He found that the severity of 
impacts with yielding targets is decreased by the amount of energy absorbed in damaging the 
target.
In our preliminary research work from 1991 to 1994 which led to this dissertation work, 
the structural integrity and the stability o f the spent nuclear fuel containers were studied. A brief 
summary o f the studies is discussed below;
A. Critical stresses in the pintle, flat tophead, container shell, the bottom plate and in the 
weldment o f a 3/8 inch thick HLNW (high level nuclear waste) container were evaluated for 
different loading conditions resulting from normal handling (Ladkany and Rajagopalan, 1992). 
Different element types were used in modeling the container shell and weldments; results obtained 
from various element types and models were compared to theoretical results. A novel technique 
was developed to model weldments in the form of a hyperbolic shell o f  revolution, thus reducing 
the number o f elements and the time o f  computation.
B. Linear and non-linear buckling loads were evaluated for the 3/8 inch thick container 
with two different topheads (Ladkany and Rajagopalan, 1993), and again various element types 
were used to model the container; global and local instability modes were considered. In this 
study, a stress analysis was performed to identify' the yield zone due to the applied loads, the 
material properties in the yield zone were modified and a stability analysis was then performed on 
the model. The applied load was then plotted against the predicted buckling load and a critical 
buckling load was determined. This study proved that if a lateral load o f large magnitude is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
applied on the container shell, it could buckle in a snap-through mode in the plastic range, 
depending on the diameter to thickness aspect ratio.
C. A Multipurpose Canister (MPC) was analyzed for critical stresses that occur during 
normal handling conditions and accident scenarios (Ladkany and Rajagopalan, 1994). Nonlinear 
structural analysis was used in the evaluation o f  the local buckling and the ultimate failure loads in 
the shell. An investigation was performed to  locate regions o f potential snap-through buckling 
instability in the shell as the yield and plasticity spread over the deformed area o f the shell under 
slow impact between two canisters.
D. The effect o f  a potential drop on the structural stability o f a long and thin nuclear pin 
assembly inside a guide tube was analyzed (Ladkany and Rajagopalan, 1994). The buckling 
behavior o f the zircaloy cladding and the surrounding guide tube were analyzed due to potential 
drop at various angles. Previously, the failure o f  the zircaloy cladding was studied by Wu et.al
(1990) for only a vertical drop o f the pin. Their &ilure was based on stress analysis alone, while 
in our research the buckling mode of failure w as considered at various angles o f  drop.
E. A parametric study was performed on the container to obtain the 6 ilu re  thickness of 
the container shell due to corrosion and mechanical stresses (Ladkany and Rajagopalan, 1995). 
The thickness and time at failure of a 4 inch thick mild steel overpack and inner container made of 
0.375 inch thick alloy 825 o f an MPC (multi purpose container) was assessed due to loads 
resulting from temperature, overburden, backfill pressure and seismic loads. In the initial years of 
the repository, the temperature is high and this causes the backfill to exert pressure on the 
container due to thermal expansion. After the repository cools down, corrosion is active causing 
the thinning o f the container. Although there is no backfill pressure on the sides o f  the container 
due to thermal expansion, the container has to support the weight o f backfill from top. Therefore, 
the worst case scenario can occur in the initial years or after a few hundred vears.
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All the above preliminary research led to concentrating on the behavior o f the shell o f  the 
container in order to understand the behavior o f the canister under lateral loading resulting in a 
deep permanent dent. Experimental investigation on the behavior o f the canister shell during the 
formation o f deep dents will be useful in validating numerical techniques, such as the finite element 
analysis. Many researchers have studied the formation o f dents in pipes both analytically and 
experimentally. A summary o f literature on denting and post dental behavior o f pipes subject to 
axial load or internal pressure is discussed in the next section.
2.1. Experimental Denting of Pipes, A Literature Survey
Morris (1971) presented an experimental investigation on the effects o f  indenting a 
cylindrical shell by a load applied through a rigid spherical boss. A series o f tests were performed 
on thin unpressurized cylinders loaded by two equal and opposite forces applied across the 
diameter o f the cylinder at midlength. Special emphasis was laid on elucidating the response o f the 
specimen to large displacements in order to check the possible appearance of any snap-through 
buckling action. Tests were performed on cylinders both with and without edge constraints. 
Aluminum alloy tubing with D/t = 106 was used in the experiments. The results showed that there 
was a  complete absence o f any snap-through action in the cylindrical shells. Three different boss 
sizes were used in the tests.
Watson et.al. (1976) studied the behavior o f aluminum and mild steel tubes o f  2 inch 
diameter and 0.064 inch thick, and of lengths ranging from 2 to 24 inches loaded centrally by 
opposed wedge shaped indenters. Three modes of deformation were identified and analyzed on the 
basis o f plastic work.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thomas et.al. (1976) studied the behavior of simply supported circular tubes under the 
action o f the transverse loading o f  a  wedge-shaped indenter up to the point o f maximum load. 
Three phases in the deformation were identified and an attempt was made to relate the various 
characteristic loads to the parameters o f the situation. Both aluminum and steel tubes were used in 
the tests. The three modes identified were pure crumpling, combined crumpling and bending, and 
structural collapse.
Smith et al. (1981) investigated the effects o f collision damage in the form o f  elasto-plastic 
lateral bending and local indentations on the stiffiiess and strength of tubular steel bracing 
members. One tube fi’om each pair was tested for collapse under compressive load in an initially 
undamaged condition while the second was tested to collapse following application o f  simulated 
collision damage. The relationship between collision loads and damage deformations was 
examined. One o f the larger diameter tubes was subjected to damage in the form o f  a  severe dent 
accompanied by slight lateral bending. The tube was supported horizontally with simple support 
at its ends and additional support at mid-span in the form o f  a  shallow, rubber-lined cradle. Dent 
depths up to 0 .125D were produced.
Taby and Moan (1981) carried out axial compression tests on a series o f  21 tubes after 
they were dented. They used tubes with D/t ratios ranging from 41 to 61 and dents ranging from
0.05D to 0. ID. The back o f each tube was supported in a cylindrical wooden bed having the same 
diameter as the tube in order to prevent lateral deflection o f  the tube as far as possible when the 
dents were introduced in the tubes.
Soreide and Amdahl (1982) performed a series o f  tests on tubular members to study two 
effects; the influence of membrane forces and dynamic loading. Both horizontally free and fully 
axially restrained members were tested; the increase in energy absorption due to membrane forces 
was demonstrated.
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Smith (1983) presented results o f a  series o f small scale compression tests on steel tubes 
containing dent damage. Experimental results were correlated systematically with theoretical 
analyses. Data curves were presented defining the compressive strength o f  tubes containing any 
combination of bending and denting damage. Tubes were subjected to indentation using a rig. 
Lateral load was applied by means o f a  hydraulic jack acting through a  load transducer. 
Indentation was imposed on one side o f the tube by an indenter, load being reacted on the opposite 
side by a cradle o f semicircular cross section lined with a rubber pad.
Taby and Moan (1985) presented a  method for determining the load-deformation behavior 
in the pre and post collapse range for simply supported tubes containing dent damage. 24 simply 
supported tubes and 10 with clamped end conditions were tested. The tubes were damaged through 
a combination o f overall bending and local denting. The tubes were subjected to simulated damage 
by the application o f a concentrated lateral load at midsection. Dent depths up to 0.2D were 
created.
Ueda and Rashed (1985) conducted a series o f  bending tests on 18 dented tubes and 3 
undented tubes. Tubes were dented at midspan. Three different tube sizes were selected with D/t 
ratios o f 33, 54 and 64 and o f each tube size; 3 tubes were dented to a nominal depth o f 0.05D, 
three tubes to a depth o f 0.1 D and one tube was kept without denting. Denting was carried out at 
maximum strain rate o f 10'  ̂ microstrains/sec in a testing machine. The back o f each tube was 
supported in a soft cylindrical bed having the same diameter as the tube in order to minimize lateral 
deflection.
Walker and Kwok (1986) presented results on denting o f thin walled cylindrical shells 
from tests conducted on five nominally identical models with D/t o f 380. The test results showed 
relationships between the applied load and consequent dent depth, and the variation in strain on the 
shell surface. Tlie models were fabricated from cold rolled low alloy medium strength steel sheet
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of 0.03 inch in thickness. The test specimens were subjected to localized denting damage at mid­
height between the end support rings by the application o f a radial load through a  knife edge 
indenter. The denting process was essentially quasi-static. Preliminary tests performed by them 
showed that for moderate rates o f  dynamic loading, little correlation was noted between the 
corresponding dent depths and applied loads. The denting process was carried out in such way that 
both the dent depth under loading, dent depth when the load removed and the corresponding denting 
load could be recorded. This was accomplished by loading the models up to a certain depth 
followed by unloading until zero load was indicated by the load cell. It was then reloaded to a 
larger depth and then unloaded again, forming a series o f hysterisis loops o f  loading and unloading 
lines. Denting was carried out up to a dent depth o f approximately 0.02D. Except for the vicinity 
of the dented zone, the shell remained unaffected by the denting process. Strain gages were placed 
at the dented regions and also at 60, 180 and 300 degrees around the circumference. The latter 
gages recorded virtually zero strain for such shallow denting. Strain gages were mounted both on 
the inner and outer surfaces o f the shell.
Pacheco and Durkin (1988) presented a paper on experimental and numerical study o f the 
denting and subsequent axial compression o f tubular members. A direct comparison was made 
between detailed finite element analyses and experimental studies. The finite element technique is 
used to quantify the effect o f damage-induced residual stresses. The possibility o f modeling the 
dent damage by using an idealized model o f the dent was also investigated. They studied tubes 
with D/t = 35. The tubes were welded to end plates during denting. The tubes were not supported 
at any point along their length other than at the ends. Dent depths equal to 0.08D were created 
using a knife-edge driven vertically into the tube perpendicular to the axis o f the tube. The denting 
depth was very small leading to only local material nonlinearities.
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Landet et.al. (1989) determined experimentally relationships for the moment vs. axial force 
and moment vs. rotation relationships for dented tubular steel members. They also performed 
numerical analysis and compared with the experimental data. The dent depths used in their project 
were 0 .ID and 0.2D. The test specimens had D/t ratios of 3 1 and 47.
Pang and Kailasam (1991) studied low-velocity impact phenomena o f  composite pipe, test 
method development, and material and damage characterization. They found that the energy 
absorbed slightly increased with increase in velocity or mass. Three different impactor tips were 
used to study the impact response o f  the materials. The peak force experienced by the composite 
pipe was different in each case, the force with the conical impactor being the lowest.
Yamanoi et.al. (1991) conducted a series of static loading tests on large tubular structural 
models subjected to local lateral loads. The objective was to estimate the collapse load and 
absorbed energy o f  steel tubular structures under collision loading. Tubular members subjected to 
a local lateral load absorbed the energy by an external force as the sum o f  two kinds o f strain 
energy; local denting deformation energy at the loaded point and overall bending deformation 
energy.
Rides et.al. (1992) tested six tubular braces with dent damage and o f various diameter to 
thickness (D/t) ratios to examine their residual strength under direct axial loading. The nominal 
D/t ratios investigated were 34.5, 46 and 64. Dents were introduced to a depth of O.ID at its 
midlength using an overhead test machine in conjunction with a blunt ended steel wedge. Each 
specimen was continuously supported in order to minimize global bending damage during denting.
Jones et.al. (1992) presented experimental data that were recorded from 130 impact tests 
on mild steel pipes in two drop hammer rigs. The pipes were fully clamped across a span which 
was ten times the corresponding outside pipe diameters which varied between 0.865 inches and 
12.75 inches. All o f the pipes except five had wall thickness of 0.0787 inches approximately and
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were impacted laterally by a  rigid wedge indenter at the mid span, one-quarter span or near to a 
support. The impact velocities ranged up to 46 ft/sec and caused various failure modes. A 
comparison between two sets o f experimental results indicate the laws o f geometrically similar 
scaling are almost satisfied over a  scale range o f approximately five. At least four different trends 
o f  failure modes were observed in the various failure modes.
Ong et.al. (1992) studied the effect o f a local dent on a pressurized pipe. Two case 
problems o f dent were considered; a plain local dent without a surface defect and a  local dent with 
a  loss o f thickness defect. A total o f 18 specimens each with a length o f  3 ft., a mean diameter o f
6.3 inches and a thickness o f 0.0787 inches were tested. A dent depth equal to 0.08D was created 
at the center o f the pipe with a standard compression machine by clamping the pipe between a 
spherical indenter and a saddle support. The saddle support was to prevent the pipe cross-section 
from over ovalization through hoop bending action. Strain gages were only placed on the outer 
surface o f the pipe as the pipes were too small for any internal gaging.
Johnson (1992) experimentally determined the contact stresses between plastically 
deformed cylinders and spheres. Strains were measured on the surAce o f two copper spheres or 
cylinders which had been pressed together by a load sufficient to produce appreciable plastic 
flattening. By using the Von Mises flow rule for a plastically deforming solid, it was possible to 
deduce the state o f stress throughout the surface under the action o f the contact load.
Estefen et.al. (1992) tested aluminum tubes with typical diameter to thickness ratio o f 20 
and 25 for deepwater pipelines under external pressure using a hyperbaric chamber. Intact and 
damage pipe specimen were considered in these tests. Correlation between numerical and 
experimental results for both damage simulation and initiation pressure indicated very good 
agreement.
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Salman et.al. (1993) presented results o f experimental and analytical research studies 
related to the residual strength o f dent damaged of&hore tubular steel bracing. Large scale 
specimens o f various diameter to thickness ratios (D/t) were tested in the laboratory to demonstrate 
the relationship between dent depth, D/t ratio, and residual strength. Tubes with nominal D/t ratios 
o f 34.5, 46 and 64 and local dent depths equal to 0 .10 were tested under axial and eccentric 
loading. The study also included axial compression tests on dented specimens that were repaired 
by internal grouting. The specimens were each damaged by applying a lateral load at their 
midspan through a solid knife-edge indenter. The tubes were supported opposite the indenter to 
reduce the amount of global bending experienced by the tubes during the denting process.
Stronge (1993) experimentally studied the static indentation by broad wedges and small 
punches. Stronge reported that end conditions significantly affect the local indentation if  the punch 
is only a  few tube diameters from the end.
Lancaster and Palmer (1993) presented the main findings of a three year experimental 
model testing program and comparison o f  results to full scale tests on assessment o f mechanically 
damaged pipes containing dents and gouges. Aluminum alloy 6063 with a nominal D/t = 54 was 
used as models. Dents were inflicted under no internal pressure. The tubes were supported with 
its axis horizontal and the tubes were dented slowly in a compression machine through a spherical 
indenter pushed vertically downwards into the gouged area. A smooth gouge was introduced 
earlier by milling along the axis o f the tube. The magnitude o f the load was monitored and 
increased until the desired dent depth after spring back was achieved. The results o f the tests 
identified growing zones of high stress commencing at the edge o f the dent when internal pressure 
was applied.
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2.1.1. Comments Regarding the Literature Review on Denting Experiments
A review of the literature indicates that, in the past, researchers have concentrated on 
shallow denting o f pipes. The maximum dent depth found in literature is up to 0 .125D, where D is 
the diameter o f a pipe. Pipes have been indented to create a  permanent dent and were studied for 
their residual strength due to axial loading or internal pressurization. Axial test results have been 
compared to FEA predictions but strain pattern due to denting have not been compared with 
experiments. Most o f the researchers have concentrated on denting the pipes in a  transverse mode 
at the center o f the pipe.
In this dissertation, a  direct comparison is made between strain gage readings in the 
vicinity o f the dents to the strain results obtained from FEA due to deep denting. In the larger 
diameter pipes, denting is carried out up to a depth equal to the radius o f the pipe and in the 
smaller diameter pipes, denting is done up to a depth equal to 1.5 times the radius o f  the pipe. 
Longitudinal mode of denting experiments, which has never been reported in literature before, is 
performed on pipes with and without welded end plates. The transverse mode o f  denting is not 
only performed at the center o f the pipe but also at a distance equal to one-fourth the length o f the 
pipe to study the effect o f  end plates on transverse denting.
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CHAPTER 3 
EXPERIMENTAL CONSIDERATIONS
Our experimental considerations include the following;
1. Scaled mild steel pipe model of the MPC.
2. Type of indenter used to dent the pipes.
3. Modes of indentation.
4. Setting up the denting experiment.
3.1. Scaled Mild Steel Pipe Models of the MPC
The MFC shell, shown in Figure 3.1., is under investigation by the U.S. Department of 
Energy for use in the transportation of High Level Nuclear Waste (HLNW) to the site o f a 
repository and also for the underground storage of nuclear waste. The MPC shell is made o f  3 16L 
stainless steel and is designed to hold 21 PWR (pressurized water reactor) assembly and weighs
250,000 lbs. The shell is 1 inch thick, 193 inches long and 60.3 inches in diameter. The shell is 
welded to a 2.75 inch thick top plate and 2.5 inch thick bottom plate.
Mild steel pipes were selected to perform the denting experiments since experimentation 
with the same type o f stainless steel as the camster would be expensive and require a considerable 
amount o f research funding. If  finite element analysis was found to be capable o f duplicating 
denting experiments with mild steel, then finite element analysis can be performed on the full size
14
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models o f  the MPC using the material properties o f  the original canister. The mechanical 
characteristics o f  stainless steel are similar to mild steel except for a slight brittle behavior. A 
one-fifth scaled pipe model o f the M FC 's diameter to thickness ratio was selected for the 
experiments. This resulted in a pipe o f  inner diameter equal to 12.0 inches and a  thickness o f 
0.1875 inch. Jones et al. (1992) presented experimental data that was recorded fi'om 130 impact 
tests on mild steel pipes in two drop hammer rigs. A comparison between two sets o f  experimental 
results indicate the laws o f geometrically similar scaling are almost satisfied over a scale range o f 
approximately five. Another pipe o f inner diameter equal to 8 inches and a  thickness o f  0.125 
inch, which is approximately one-eighth scaled model o f the MPC, and two-third scale model o f the 
12 inch diameter pipe were also selected to verify if  a much lower scaling is possible in the denting 
experiments. The strain results obtained using the 8 inch diameter pipe are compared to the results 
obtained from the 12 inch diameter pipe. The two different pipes used for denting experiments are 
shown in Table 4.1. in Chapter 4. The MTS axial-torsional testing equipment was chosen to 
perform the denting experiments on the pipes. The two columns shown in Figure 3.3, on which the 
MTS upper head travels, are approximately 28 inches apart. Therefore, if  the 12 inch diameter 
pipe is dented such that if  the pipe folded over itself, the columns would not interfere with the 
experiments. The capacity o f  the MTS with the torsion heads is listed at 50,000 lbs. A 
preliminary finite element analysis was performed with the 12 inch diameter pipe dented up to a 
dent depth equal to the radius o f  the pipe. The maximum load required to perform this denting was 
estimated from the analysis to be under 30,000 lbs. The ends of the pipes were welded to 0.5 inch 
thick mild steel plates to simulate the end plates o f the MPC.
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3.2. Type of Indenter
A review o f  the literature on the experiments performed in this area by previous 
researchers showed that several different types o f indenters have been used for denting the pipes. 
A brief summary o f  the different types o f indenters used in the past is given in this section.
Morris (1971) used three different boss (rigid sphere) sizes in his experiments. The boss 
sizes were defined by a  non-dimensional parameter which was defined as a function o f  the radius o f 
the boss, and the radius o f the cylinder to be tested and the thickness o f the cylinder. Thomas et.al. 
(1976) used a  wedge in denting the pipes. Watson et al. (1976) used wedge shaped indenter which 
was radiused on the nose to produce a flat o f about 0.25 inches. Smith et al. (1981) applied lateral 
load to create a  dent using a  60° knife edge with a  tip radius of about 0.04 inches oriented at 90° to 
the tube axis, simulating collision with a  sharp, rigid structure. Taby and Moan (1981) carried out 
denting in a hydraulic press through a knife edge with 0.2 inches o f nose radius. Soreide and 
Amdahl (1982) used a  rectangular indenter with a  width equal to 2 inches. Smith (1983) used three 
different types o f indenters, a  “sharp” indenter in the form of a solid 60° knife edge with a tip 
radius o f 0.0787 inch, a “square” indenter with a width of 1.9685 inches and a “round” indenter o f 
radius 3.937 inches. Taby and Moan (1985) used a solid knife-edge with a tip radius o f  about 0.2 
inches oriented at 90° to the tube axis, simulating impact by a sharp, rigid structure such as a  ship 
bow or a deck comer. Ueda and Rashed (1985) used a straight indenter o f 1.0 inch nose radius to 
dent their pipes normal to the tube axis in a testing machine at a strain rate o f about 10'^. Landet 
et.al. (1989) created dents in pipes with a wedge having a radius o f 0.2 inches. Pang and Kailasam
(1991) used three different impactor tip geometries: a conical, wedge and a hemispherical tip. The 
effects o f the impact geometry, velocity and mass on the material response was studied. It was 
found that the damage incurred on the outer surface of the pipe was localized in the case o f the
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conical and wedge shape impactors. Yamanoi et.al. (1991) tested specimens subjecting them to a 
combined concentrated lateral load and overall bending through a rigid hemispherical loading head 
with a tip radius o f 23.6 inches. Estefen et al. (1992) used an indenter 3.937 inches wide having a 
tip diameter of 0.5 inches to create damage depth magnitudes o f 0.2D and 0.31) in aluminum pipe 
specimen. Jones et.al. (1992) used a 15° wedge shaped indenter fitted to the end o f a hydraulic 
actuator to study the lateral impact o f fully clamped mild steel pipes. Rides (1992) used a blunt 
edge steel wedge indenter to create dents at midlength of the pipes. Ong et al. (1992) used a  
spherical indenter with a diameter o f 2.5 inches to create the dents. Lancaster and Palmer (1993) 
dented pipes slowly in a compression machine through a  spherical indenter o f diameter equal to 2 
inches. Salman et al. (1993) used a  solid knife-edge indenter to create the dents at midspan in the 
pipes that they tested.
In selecting the type o f  indenter, the possible accident scenarios that the M PC might 
encounter during transportation and storage have to be discussed. While the container is carried by 
an overhead crane, it is possible that the container might hit sharp edges o f  a built-up column 
which is similar to a  knife-edge or wedge type indenter striking a cylindrical shell. This is one of 
the severe cases of indentation that the MPC might encounter during transportation. Other 
possible scenarios include one container falling on another container placed on ground. This will 
result in an elongated area o f contact and is a  less severe mode compared to a knife-edge or wedge 
indentation. In this dissertation, a  wedge shaped indenter was used for the denting experiments on 
the pipes. The dimensions o f the indenter were chosen based on Morris's (1971) paper. Morris 
specified a non-dimensional parameter p defined in terms of the pipe diameter and the diameter of 
the indenter as follows:
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where,
r = radius o f the indenter 
R = radius o f the pipe 
T  = thickness o f the pipe
Morris used values o f  p ranging from 0.0645 to 1.032. Different values o f  p could be used to 
determine the size o f  the indenter. In this dissertation, however, only one value o f p was chosen 
based on the assumption that the MPC might hit a  block having a thickness o f 4 inches. 
Substituting the radius o f the indenter r as 2 inches, the actual radius o f  the MPC to be the radius 
o f the pipe R as 30 inches, and the actual thickness o f the MPC to be the thickness o f the pipe T  as 
1 inch, in Equation (3.2.1) a  value o f p equal to 0.365 was obtained. Using this value o f p for a  12 
inch diameter and thickness of 0.1875 inch, the radius of the indenter was obtained as 
approximately 0.3875 inch. Using the same value of p for a 8 inch diameter and thickness o f 
0.125 inch, the radius o f the indenter was calculated as 0.26 inch. Therefore an average value o f 
0.3125 inch was selected for the radius o f  the indenter. The indenter was made o f mild steel and 
was cut to shape from a 6 inch tall 14 inch wide and 2 inch thick mild steel block. The indenter 
was tapered to 2 inches high at an angle o f 60 degrees. A solid rod with radius equal to 0.3125 
inch was cut to half and welded to the end o f the tapered indenter to provide a  semicircular end to 
the indenter as shown in Figure 3.2. The length o f  the indenter was chosen to be 14 inches so that 
the indenter is fully in contact when the indentation reaches a depth equal to the radius of the pipe.
3.3 Modes of Indentation
Typical modes of indentation found in the literature were in the transverse direction 
loading, perpendicular to the longitudinal axis o f pipes applied at the center o f the pipes to study
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the eventual axial capacity o f  the pipes. In this dissertation, two basic modes o f indentations are 
considered, namely, transverse and longitudinal indentations on the 12 inch and the 8 inch diameter 
pipes. The transverse indentations were similar to the ones found in literature, but extended to a 
dent depth equal to the radius o f  the pipes. However, experiments on quarter point loading 
conditions have not been previously reported in the literature. According to our literature survey, 
the longitudinal mode o f indentation has never been considered before by other researchers. The 
changes in geometry, and hence the strains, are expected to be entirely different between the two 
modes o f  indentation. In order to study the effect o f the end plates on denting, pipes were dented 
with and without end plates. End plates stiffen the pipe in the axial direction and this may cause 
reduced bending and increase membrane strains. The position of the end plates with respect to the 
dent is also o f interest in this dissertation. Therefore, in the case o f transverse loading, pipes were 
indented at the center and at one-fourth the length of the pipe. The test matrix o f all the 
experiments performed for this dissertation is shown in Table 3.1.
3.4 Setting up the Denting Experiment
The denting experiments were performed on the MTS testing equipment and the Tinius- 
Olsen universal testing machine. In the case o f the longitudinal denting on the 12 inch diameter 
pipes, the MTS did not have appropriate bracing in the lateral direction and the Tinius Olsen was 
used for this particular mode. The accessories and the modifications used on the indenter and the 
pipes to set up the pipes on the two apparatuses are explained below.
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3.4.1. Setting up the Pipes for Denting on the MTS Testing Equipment
The MTS has a  lower actuator and an upper head as shown in Figure 3.3. The lower 
actuator moves up and down against the upper head to produce compression and tension 
respectively. Both the lower and upper heads possess a 3/4 inch circular gripping mechanism. 
Therefore a rod was screwed into the bottom o f the indenter and a  locking mechanism was 
provided to prevent the indenter from rotation. The indenter and the rod were then placed in the 
bottom head. The rod was milled to a diameter o f 3/4 inch with a tolerance o f  ± 0.0001 inch and 
was made 2.4 inches in length which is required for the grips to exert a  pressure o f approximately 
4000 psi on the rod. The pipes were bolted at the ends to a W 8x18 beam. A base plate was 
attached to the top flange o f the beam and a  rod similar to the one described above was screwed 
and locked in position at the center o f the base plate. A lifting hook was bolted to the beam at its 
quarter point prior to loading the pipe with the beam on the MTS. The entire set up was lifted and 
placed on the MTS with a hoist. The rod on the beam was positioned such that it is gripped by the 
top head o f the MTS.
3.4.2. Setting up the Pipes for Denting on the Tinius-Olsen Universal Testing Machine
The Tinius-Olsen has a  bottom platform and a tophead which moves toward and away 
from the platform to produce compression and tension respectively. The longitudinal denting on 
the 12 inch diameter pipes were performed using the Tinius-Olsen because the MTS did not have 
enough lateral bracing to handle this particular mode of these heavy pipes. However, the MTS was 
adequate for the 8 inch diameter pipes. The lateral instability was caused because the entire set up 
rested on a 3/4 inch diameter rod and any small misalignment caused a large disturbance laterally.
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On the other hand, the W8 x l 8 beam was placed on the Tinius Olsen platform and the pipe was 
bolted to the beam on the top flange. The indenter was mounted on the top head as shown in 
Figure 3.4. Since the beam was supported on a  larger base, there was no lateral instability in the 
denting process. However, accuracy was sacrificed to some extent using the Tinius-Olsen, a 
manual extensometer had to be placed and the readings had to be read at intervals while the MTS 
was capable o f  recording load and displacement continuously on the computer. Another 
disadvantage was that the maximum capacity o f the Tinius Olsen was only 30,000 lbs compared to 
the 50,000 lbs on the MTS.
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Figure 3 .1. Cross Section of 125 Ton Multi Purpose Container (MPC)
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Figure 3.2. (a) Front View o f the Indenter (b) Side View of the Indenter
Table 3.1. Test Matrix Showing the Different Modes of Indentation, End Conditions and Loading 
Points on the 12 inch and the 8 inch Diameter Pipes
Pipe
Material
Nominal
Pipe
Diameter,
D
(inches)
Nominal
Pipe
Thickness,
t
(inches)
Nominal
Pipe
Length,
L
(inches)
End Condition of 
Pipe
Indentation
Mode
Distance
of
Loading 
From 
End Plate 
o f  Pipe
Mild Steel 12.0 0.1875 60.0 Without End Plates Transverse L/2
Mild Steel 8 .0 0.125 36.0 Without End Plates Transverse L/2
Mild Steel 12.0 0.1875 60.0 With End Plates Transverse L/2
Mild Steel 8 .0 0.125 36.0 With End Plates Transverse L/2
Mild Steel 12.0 0.1875 60.0 With End Plates Transverse L/4
Mild Steel 8 .0 0.125 36.0 With End Plates Transverse L/4
Mild Steel 12.0 0.1875 60.0 Without End Plates Longitudinal —
Mild Steel 8 .0 0.125 36.0 Without End Plates Longitudinal —
Mild Steel 12.0 0.1875 60.0 With End Plates Longitudinal —
Mild Steel 8 .0 0.125 36.0 With End Plates Longitudinal —
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1
Figure 3 .3. Photograph of Axial Torsional MTS Testing Equipment with Moving Lower Actuator 
and Stationar} Upper Head
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Figure 3.4. Photograph o f Tinius Olsen Universal Testing Machine Showing Moving Upper Cross 
Head. Bottom Platform and Load Indicator
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CHAPTER 4 
STRESS-STRAIN CHARACTERISTICS
Materials testing and structural testing are two realms o f experimental mechanics which 
share fundamental principles and similar testing equipment, yet, relate to each other through theory 
and analysis (Kawahara (1991)). An analytical model of the structure and a  numerical analysis o f  
the structure subjected to a variety of loading conditions is indispensable. These analytical 
predictions are strongly influenced by the material behavior which is incorporated in the analysis. 
Material behavior is determined by performing material characterization tests o f  various specimen 
cut from the structure which is to be analyzed. Stress-strain characteristics for the steel specimen 
were established by performing tension tests on sample specimen taken from the steel pipes. These 
curves provide various material properties such as Young's modulus, yield stress and strain, and 
establish the ultimate tensile strength and strain values. Thus, it is necessary to cut coupons out o f  
the structures being tested and characterize their material properties. ASTM  standards recommend 
performing coupon tests for large diameter pipes.
Salman et.al. (1993) performed three coupon tests on each series o f pipes to obtain a 
tensile yield stress of 34.8 ksi, an ultimate stress o f 46.5 ksi with a modulus o f elasticity o f 29000 
ksi and a strain hardening modulus of 518 ksi. Jones et.al. (1992) tested three specimens for each 
pipe scries and an average engineering yield stress, ultimate tensile stress and rupture strain were 
calculated. Rides et.al. (1992) determined the stress-strain curve and material properties o f
26
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columns performing column stub tests. Ong et.al. (1992) performed a  few tensile tests on 
specimen cut from the raw pipe section and determined the ultimate strength, the yield strength and 
young’s modulus. Taby and Moan (1985) perfonned tensile tests on specimen cut from the ends of 
each tube. A possible higher strength in compression o f 5% was not introduced. The yield stresses 
were measured in accordance with recommended practice. Smith et.al. (1981) evaluated material 
properties by carrying out tensile and compressive tests on specimen cut from the ends o f each 
tube. Effective compressive yield stresses were taken to be 5% higher than measured tensile values. 
Landet et al (1989) determined material properties for all specimen. The yield stress and Young’s 
modulus were determined as the mean value o f three coupon tests. Thomas et al. (1976) found the 
material characteristics o f the tubes tested from standard tensile tests on specimen cut from the 
tubes in the hoop and axial directions. There were slight differences in the yield stresses in the two 
principal directions. Johnson (1993) cut compression specimens from 4 inches diameter copper 
bars and obtained the stress-strain curve, found that the material was reasonably isotropic with a 
fruriy sharp knee at the yield point. Smith (1983) obtained the static values o f yield stress 
following the ASTM standard tensile testing procedure. Compressive yield stresses were estimated 
by adding 10 MPa to mean values of tensile yield. Estefen et al. (1992) determined material 
properties o f each tube by performing uniaxial tensile tests from tube wall samples. The small 
residual stresses present in the specimen were neglected in the numerical simulation. Taby and 
Moan (1981) performed stub column tests to evaluate material properties such as yield stress, and 
the modulus o f elasticity. Walker and Kwok (1986) performed tensile tests on coupons and found 
that the material had a well-defined yield stress.
In this dissertation, two different pipes were used for denting. An 8 inch diameter pipe, 
and two 12 inch diameter pipes, each of 20 ft. length, were purchased. These pipes were then cut 
at 3 ft. and 5 ft. lengths respectively. A pipe was randomly chosen from each group and five
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specimen were cut from each pipe for performing tensile tests. Out o f the five specimen, two from 
each diameter pipe were tested until failure. The other three specimen were used to measure the 
modulus o f elasticity and the yield stress and strain. ASTM standard A370 specifies dimensions 
for a  tensile specimen cut out o f a  large diameter pipe; however, the strains are measured over a 
gage length o f 2 inches. In the comparison between finite element analysis and experiments strains 
are compared within the strain gage length and not over an averaged gage length o f  2  inches. 
Thus, the focus was on the strains measured within the actual gage length and not the averaged 
strain over a  gage length o f 2 inches. To measure the strains in this localized area. Metals 
Handbook (1991) specifies that the reduced section can be intentionally tapered slightly toward the 
gage area to increase the probability o f fracturing within the gage length (Figure 4.1). All the 
specimen were milled to the dimensions shown in Figure 4 .1 with a  tolerance o f ± 0 .001 inch. The 
center portion, where the strain gage was mounted, was milled 0.004 inch narrower than the width 
o f  the gage length.
Strain gages were installed on the specimen following the procedure outlined in Appendix 
A. The tensile tests were performed on a MTS testing equipment. A brief description o f  the 
equipment and capabilities are given in Appendix B. Strains were recorded continuously during 
the tensile test using a Measurements Group 2100 data acquisition system (1992). The data 
acquisition system had to set up for the parameters pertaining to the type of strain gage used and 
experiment. These adjustments and nonlinearity corrections o f the strain gage are described in 
Appendix C.
The tensile test results obtained for specimens cut from the 12 inch diameter and 0.1875 
inch tliick pipes are shown in Table 4.2. Tests 1 through 4 were performed to obtain yield values 
and tests 5 and 6 were performed until failure. The tensile test results obtained for the specimens 
obtained from the 8 inch diameter and 0.125 inch thick specimen is listed below in Table 4.3.
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Tests 1 through 3 were performed to obtain yield values and tests 4 and S were performed until 
feilure.
Two o f the tests in each specimen category were performed up to failure o f  the specimen. 
Since the focus in the material characterization is on obtaining the strains in the vicinity o f  the 
failure region within the neck, successive loading and unloading cycles are performed with loading 
in displacement control and unloading in the force control mode. This technique yields results 
different than the ASTM standard measurement made with an extensometer over a  two inch gage 
length. The 08-EP-250BG strain gages have a  capacity o f measuring only up to 20% strain, while 
the strain at failure o f the steel specimen were expected to be about 80% in the neck region. New 
high elongation strain gages were applied at the beginning o f every cycle to obtain a  sense o f  the 
progressive damage in the neck. The use o f  the MTS system in tensile testing fecilitated this 
procedure. The MTS was controlled in such a  manner as to pull the specimen in a  displacement 
control mode until about 20% strain and then manually the load was dialed down to zero. In the 
initial stages o f the experiment, the load was reduced to zero in the program itself so that data 
could be collected during unloading. When the new strain gage was installed and the specimen 
pulled again, the stress-strain curve followed the unloading path. This led to a trial and error 
procedure since the MTS was controlled in the displacement mode, it was unpredictable to 
determine the exact point where to stop loading and start unloading and at the same time attain the 
maximum capacity o f the strain gage. Thus, after verifying in the initial stages o f the experiments 
that the loading path follows the unloading path every time the specimen is reloaded, the strain 
gage readings were monitored manually until the readings were close to about 2 0 % and then 
loading was stopped and the load was dialed down to zero manually. Although the MTS could be 
programmed such as to run through a strain control, based on the readings from the strain gage, 
this is not an advisable procedure because if there is an instance o f strain gage failure, the MTS
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will try to follow the rate of strain and would result in a  catastrophe. Two strain gages one on each 
side o f  the specimen were used and the average strains were obtained between the two readings. 
This was done to monitor the potential o f  a  bending mode in the specimen or early failure in one of 
the two gages.
Figure 4.2. show the stress-strain curve obtained for the 12 inch diameter 0.1875 inch 
thick mild steel pipe specimen taken up to specimen failure. The continuous curve is an average 
obtained from the two tensile tests until specimen ftulure. The dotted lines connect the data points 
selected for use in the corresponding finite element models. This dotted curve is assumed to be the 
curve that would have been obtained if  the test would have been performed continuously without 
loading and unloading. From the figure it can be seen that at every new loading stage, the modulus 
o f elasticity decreases. Figure 4.3. shows the selected data points (fi'om Figure 4.2.) which were 
used in the finite element model. Finite element analysis was performed using Cosmos/M and the 
program did not accept negative slope in the material characteristics curve. Therefore the data 
points obtained fi’om the experiments until the material reached the maximum stress were used in 
the finite element model and the curve was extended with the same slope beyond this strain until the 
failure strain. Figures 4.4 and 4.5 are similar average stress-strain characteristics and selected 
data points for use in the finite element model for an 8 inch diameter and 0.125 inch thick mild 
steel pipe.
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Table 4.1. Dimensions of Pipes Tested
Pipe Diameter (D) 
(inches)
Thickness (t) 
(inches)
Length (L) 
(inches)
D/t L/D
1 12 0.1875 60 64 5
2 8 0.125 36 64 4.5
0.5 3.0 0.5
j.O" Radius
o
0.496
0.5
6.0
Figure 4 .1. Dimensions o f Tensile Test Specimen
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Table 4.2. Yield Stress fÿ. Strain 6 y and Modulus o f Elasticity E o f  12 inch Diameter, 0.1875 inch 
Thick, Specimen
Test# Gy fy
(psi)
Average fy at 
0.2% Strain 
(psi)
E
(psi)
Comment
I 0.00167 47688.21 51000 29200000 OK
2 0.001566 47634.89 51369.675 29550000 OK
3 0.001566 47634.89 51369.675 29550000 OK
4 0.0019255 48111.9635 61042.5 25100000 High Value for fy at 
0.2% Strain
5 0.001822 45057.02 49245 24950000 OK
6 0.0016045 39954.555 49278 25050000 Low Value for fy
Mean 0.0016923 46013.5881 52217.475 27233333
Standard Deviation 0.0001492 3165.17558 4433.440249 2413848.9
Table 4.3. Yield Stress fy. Strain €y and Modulus of Elasticity E o f 8 inch Diameter, 0.125 inch 
Thick, Specimen
Test # Gy fy
(psi)
Average fy at 
(0.2% Strain) 
(psi)
E
(psi)
Comment
1 0.001168 31157.83 48500 27300000 OK
2 0.001274 31293.955 50250 25200000 OK
3 0.001743 43068.27 53250 24900000 High
4 0.001675 40515.285 42250 25000000 Low
5 0.0013935 31691.2 45750 23900000 OK
Mean 0.0014507 35545.308 48000 25260000
Standard deviation 0.000250082 5776.541843 4213.074887 1246194.2
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CHAPTER 5
FINITE ELEMENT MODEL CONSIDERATIONS
Numerical simulations o f the experimental models were performed using nonlinear Finite 
Element Analysis (FEA) to assess the credibility o f an eventual numerical analysis o f  a full scale 
container under similar loading conditions. FEA was also used as a  tool for preliminary analysis to 
determine the maximum size of pipes that could be handled within the capacity o f  the MTS 
equipment and the load required to produce the desired depth o f dent. It helped in determining the 
strain gage locations for experiments in some cases. All denting experiments in this dissertation 
were duplicated using Cosmos/M (1994) FEA package. The denting problem involves three 
different types o f nonlinearities, namely geometric, material and uni-directional closure o f  gaps 
between the indenter and the pipes. The geometric nonlinearity arises due to large changes in 
curvatures and overall shape o f the pipes, the material nonlinearity is a  result o f  extensive yielding 
in the material o f the pipe due to deep denting. The material properties were established from 
tensile tests of pipe material and were incorporated in the FEA model. One o f the main objectives 
o f this research is to examine the capability of FEA in duplicating these large displacements and 
changes in shape o f the pipes due to bifurcation in material properties. Another objective o f  this 
research is to establish a complete histoiy of the stress-strain pattern in the pipes during deep 
denting that is equal to or larger than the radius of the pipes. The strain results obtained from FEA
37
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are compared to the strain gage readings from the corresponding experiments at various gage 
locations in all the experiments.
Research on the structural performance o f  canisters over the past three years has provided 
information on modeling techniques and element types to be used. Several types o f elements and 
different aspect ratios o f  elements were tested against known theoretical results (Timoshenko and 
Kreiger (1959), Roark and Young (1989)) and a  procedure for element sizing and meshing has 
been determined for analyzing the canisters (Ladkany and Rajagopaian (1993)). Results were 
compared between thin and thick shell elements and 3D solid brick 8 node elements (Ladkany and 
Rajagopaian (1993)). A survey o f the literature in denting of pipes by various other researchers 
provides an insight on using the FEA for such problems. A brief summary o f  the previous research 
work in which FEA was used to model denting o f  pipes, is given in the next section.
5.1. Published Research on the Denting of Pipes Using Finite Element Analysis
Pacheco and Durkin (1988) used the finite element method to study denting and subsequent 
axial compression o f  tubular members used in offshore structures. They used eight node thin shell 
elements which included both material and geometric nonlinearities. In these elements, the 
displacements were defined at the comer nodes and rotations at the mid-side nodes. The nonlinear 
contact between the fictitious knife-edge indenter and the tube were modeled using gap elements. 
The indenter was not modeled. The indentation was performed incrementally by applying a 
uniform displacement to the upper nodes o f the gap elements which represented the knife-edge. 
The material was modeled as elastic-perfectly plastic and geometric nonlinearities were modeled 
using Lagrangian formulation.
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Landet ét al (1989) perfomied finite element modeling and analysis o f dented tubular 
members. The dented area was modeled utilizing four noded shell elements and the remaining pipe 
is modeled with two noded beam elements. The transition between the four noded shell elements 
and the beam elements was modeled with three noded shell elements. The load was applied as a 
prescribed load-displacement curve. The fiow theory of plasticity and isotropic hardening were 
used.
Padula and Ostapenko (1991) investigated the tube indentation problem using a  finite 
element model developed fi'om the program AOINA. The tube was modeled using shell elements 
and a set o f truss elements were used to model the contact between a rigid indenter and the tube 
wall. Only one fourth o f  the tube was modeled due to double symmetry. Lagrangian formulation 
for large displacements and the von Mises yield criterion was used for the material model.
Kormi et.al. (1992) presented results obtained from a finite element analysis o f  the 
problem o f  a simply supported aluminum alloy pipe that had been subjected to mid span spherical 
denting by a rigid surface. Once the indenter is removed, the pipe is then pressurized until the dent 
depth is substantially removed by bulging action. The aim o f their work was to compare results 
between those obtained from FEA and experiments conducted at Cambridge University by 
Lancaster and Palmer (1992). They used 20 noded brick elements for the pipe and 3D fiictionless 
rigid surface o f axisymmetric type to model the indenter.
Estefen et.al. (1992) used a nonlinear finite difference program taking into account shell 
large displacements, elasto-plastic material behavior and initial geometric imperfection distribution 
to evaluate the tube ultimate strength under external pressure. Indentation was also simulated in 
the numerical analysis prior to the application of external pressure. Expressions for membrane and 
bending strains were based on Sanders (1963) approach incorporating terms as proposed by Brush 
and Almroth (1975) and Donnell (1976). In the elasto-plastic regime the von Mises criterion was
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used in association with Prandtl-Reuss flow rule. Strain hardening capability was represented in 
the plastic regime by Tvergaard (1983) expression, which approximates the stress-strain curve 
obtained from material uniaxial tensile test.
Ong et.al. (1992) performed finite element analysis on a dented pipe with internal pressure. 
A quarter model o f the pipe with the local dent was created using eight node thin shell elements.
Salman et al. (1993) used eight-noded doubly curved isoparametric quadrilateral shell 
elements to model the surface o f the shell. These elements have five degrees of fi-eedom per node: 
three displacement components and two in-plane rotation and the sixth degree o f fi’eedom namely 
the out-of plane rotation was activated if necessary. A relatively fine mesh was used in the vicinity 
o f the dented zone. Yielding was governed by the von Mises criterion with the associated plastic 
flow theory used to account for the material nonlinearities. Isotropic material hardening was 
assumed. Uni-directional gap elements were used to model the gap between the edge o f  the 
indenter and the surfece o f the tube.
Kormi and Webb (1993) used finite element method to study the response o f a pipe that 
had been damaged by gouging and denting processes. The model consisted o f 795, 8-noded brick 
elements with a reduced integration scheme and 20  elements in both the circumferential and 
longitudinal directions and two elements through the thickness.
5.1.1. Comments Regarding the L iterature Review
A review of the literature in the area of denting analysis using FEA reveals that most o f  the 
researchers opted to use shell elements, capable of handling the nonlinearities arising from the 
denting problem, to model the pipe. A few others used 8 and 20 noded brick elements. Denting up 
to d/D = 0 .125 only has been reported in the literature. None o f the researchers in the past have
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compared strains obtained from FEA to experimental strain readings during the denting process, as 
done in this dissertation for very large deformations. This dissertation work stands alone in the fact 
that denting was performed into deep regions equal to and larger than the radius o f the pipes and in 
modeling eccentric transverse denting at the quarter points o f the pipes. It also stands alone in 
investigating the longitudinal denting o f pipes, with the indenter placed parallel to the pipe axis.
Various techniques have been tried by other researchers in modeling the indenter and the 
contact between the indenter and the shell. In this dissertation, shell elements were used to model 
the pipe and indenter and one node gap elements were used to model the contact as explained in the 
next few sections.
5.2. Type o f Finite Elements Used in Modeling the Denting Problem 
5.2.1 Four Noded Shell Element
The pipe and the indenter were modeled using four node isoparametric flat shell elements 
(Bathe and Ho, 1981) having six degrees of freedom per node namely, three displacements and 
three rotations, (SHELL4T) Cosmos/M User Guide (1994). The element is shown in Figure 5.1. 
The element is a 4 node quadrilateral thick shell element with superimposed membrane and 
bending capabilities used for the nonlinear analysis of three-dimensional structural models. The 
element is capable o f handling large displacement and material nonlinearity. The element also 
takes transverse shear deformation into consideration.
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5.2.1.1. Membrane Stiffness Matrix and the Thick Shell Element
The element membrane stif&ess [kw] is the plane stress stiffiiess matrix o f  a  4-node 
element (Bathe and Ho (1981)). This membrane stif&ess matrix is superimposed on a bending and 
transverse shear stiffiiess matrix to form a thick shell element.
5.2.1.2. Bending Stiffness Matrix
The bending stiffiiess matrix [ke] (Bathe and Ho (1981)) is formulated using the Mindlin 
theory o f plates with shear deformations included. The displacement components u,v,w o f  a  point 
o f coordinates x, y and z respectively, are given by,
ii = - z p ^ { x , y ) \  v = -z y f f^ ( x ,y ) ;  w = w (x ,y ) ; (5.2.1.1)
where w is the transverse displacement and Px and Py are the rotations o f the normal to the 
undeformed middle surface in the xz and yz planes respectively (see Figure 5.1).
The bending strains vary linearly through the shell thickness and are given by the 
curvatures k ,̂ kyy, and kxy of the shell, where the curvature k ^ , for example, is due to bending in 
the xz plane.
r
ÔX
&
3 y
L d y  d x
A .
(5.2.1.2)
The transverse shear strains arc assumed, by the Mindlin thick plate theoiy. to be constant through 
the thickness o f the shell.
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J y r .
â w
â x
â w
d y
- P .
- P .
(5.2.1.3)
The State o f stress corresponds to plane stress conditions (i.e., <Ts  = 0) where cr is the stress. For 
an isotropic material,
{o-}=z[c]{Ar}
[C] is a matrix of material constants, and is the vector o f curvatures.
or
>y
L ' ' x y J
E
= — Z '
l ~ v
I V
V 1 
0 0
0
0 
1 -  V
~ J
&
â x
f y
d y
. d y  d x
(5.2.1.4)
where {a} is the vector of stresses in the plane of the element.
k F I c . K r !
or
2 ( 1 + v)
â w
â w
(5.2.1.5)
where {r,} is the vector of transverse shears, [C,] is a matrix o f elastic constants, E  and vare  the 
materials’ Youngs’ modulus and Poisson s ratio respectively.
The strain energy is given by its two components due to bending and shear,
U = U , ^ U ,  (5.2.1.6)
where
U , M { k V [ D 7 \ [ k \ M  (5 2.1.7)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
2
and
U , = i : h r Y \ D , \ b ] d A  (5.2.1.8)
[A 1 =  ] { C \ z ' d z  (5.2.1.9)
-tH
[a ] = 7 î | c j dz  (5.2.1.10)
- f / 2
Ub and U, represent the bending and transverse shear contributions respectively. 7  in Equation 
(5.2.1.10) is a  shear correction factor to account for the non-uniformity o f the transverse shear 
stresses through the shell thickness. The value o f 7  is usually taken as 5/6.
The matrices [Db ] and [D, ] are functions o f  the thickness o f the shell, t, and o f  the elastic 
properties and are defined in Equations (5.2.1.4) and (5.2.1 5). Variable A is the area o f the 
middle surface o f the shell.
Y [ = U - \ w  pdA  (5.2.1.11)
A
where p is the transverse loading per unit o f the mid-surface area A. The principle o f virtual work 
corresponds to invoking 5 /7  = 0 with respect to the transverse displacement w and px and Py . The 
displacement functions are given by
w = Px = ^ K d ' y \  P y = i . ^ K \  (5.2.1.12)
r = I  1 = 1  1= 1
where the h, are the interpolation functions and q is the number o f nodes o f the element. The 
interpolation functions are given in terms o f the isoparametric coordinates r and r  (see Figure
(5.1)).
A, = y ( l + r ) ( I  + 5)
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A 3 = - ( l - r ) ( l - 5 )
The superposition o f [kw] and [kg] in a three dimensional space yields an element stiffiiess 
matrix that has a zero in-plane rotational stiffiiess in the local coordinate system. The value o f k% 
equal to I O'* times the smallest bending stiffiiess is thus added into this degree o f freedom to obtain 
6 stiffiiess degrees o f  freedom per node. This value is chosen to remove the in-plane rotational 
singularity from the element stiffiiess matrix when the local xyz axes coincide with the global XYZ 
axes. Since different flat elements may meet at different angles along an element side, the natural 
(local) displacements and the corresponding stiffiiess matrices o f the elements have to be 
transformed into the global coordinate system, when the structural stiffiiess matrix is formed from 
summing the individual element stiffiiess matrices.
[d)=[TV[d'}
and [ / t ]=[r]^Lyt 'J[r]
where {d'} and [!:'] are element displacement vector and stiffiiess matrix, while {d} and [k] are 
global displacement vector and stiffiiess matrix respectively.
Stress components and von Mises stress are available at the centroid o f  the element as well 
as at the top and bottom fibers o f the element. The element is a two-dimensional element and 
thickness for each element is given as input. The end plates o f the pipe were also modeled using 
shell elements with the corresponding thickness. The indenter was modeled using shell elements 
and a thickness equal to approximately ten times as that o f the shell was given as input. This was 
done to avoid any deformation in the indenter and. thus, assuring that the entire energy due to
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denting was absorbed in the pipe. This also avoided modeling the indenter using solid elements 
which would have resulted in contact o f solid elements and shell elements, thus complicating the 
problem. The material o f the indenter is assumed to be linearly elastic and the elements used to 
mesh the indenter were formulated using small deformation. This assumption is valid since the 
strains obtained in the indenter were far below yield and the deformation is also extremely small 
because o f the large size o f the indenter compared to the shell thickness.
5.2.2. Gap/Contact Element
The gap between the indenter and the pipe was modeled using Gap/Contact elements, as 
described in Bathe (1996). Target and contactor surfaces are defined in the model (see Figure 
(5.2)). A gap is defined by two nodes, one on the contactor surface and one on the target surface. 
Gap distance is defined as the maximum allowable relative displacement between the two nodes. 
An open gap does not have any effect on the response of the structure while a  closed gap limits the 
relative displacement between the two nodes along the direction o f  the gap not to exceed the gap 
distance.
Using the force method,
where.
{/?g} = Vectors o f gap forces
= Vectors o f relative gap displacements 
[Fg] = Flexibility matrix of the structure
A unit force is applied at a gap and the displacements o f  all the gaps are calculated by 
solving the problem statically and stored as a vector. This process is repeated at all the other gaps
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and several displacement vectors are generated to form the flexibility matrix [Fg]. Thus, if  the 
model has 500 gap elements defined, then a  flexibility matrix of dimension 500 x 500 is 
constructed initially and stored for use in the gap closure process.
An incremental force or displacement is then applied to the model and the relative gap 
displacements Xg at each node is calculated. If  this displacement equals or exceeds the specified 
gap distance, then the gaps are closed. The gap forces can then be evaluated fi’om Equation
(5.2.2.1). Iterations are used to determine whether gaps are closed at any particular loading step.
Node to surAce elements were used in modeling the gaps in our pipe denting analysis. 
These elements use a  series o f flat or curved surfaces to define the contact areas. Several contact 
surfaces were defined on the pipe, where the indenter would come in contact and these surAces 
were known as ‘target’ surfaces. One node gap elements were defined on the surface of the 
indenter known as the ‘contactor’ element. To facilitate the definition o f the entities involved in 
contact problems, the NL_GSAUTO command (Cosmos/M Advanced Modules (1994)) was used 
to automatically generate the one-node gap elements on the ‘contactor’ entities and surfaces on the 
‘target’ entities. All the entities have to be meshed before issuing this command. The following 
are the advantages in using one node gap elements;
• The user does not need to know the exact location o f the point of contact a priori. The
program internally will determine that location and apply the contact forces accordingly.
• The direction o f the contact forces is determined by the program based on the deformed shape 
of the entities in contact.
• The nodal points on the contacting entities need not match each other.
An open gap has no effect on the response of the structure while a closed gap. if  rigid, limits the 
relative displacements o f  its two nodes along the gap direction not to exceed the gap distance. The 
program uses iterations to determine which gaps are closed at any particular time.
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5.2.3. Two Node Truss Element
The indenter is connected to four truss elements (Truss 3D, Cosmos/M User Guide 
(1994)) which are fixed at one end with respect to all displacements while attached to the four 
comers o f  the indenter as shown in Figure 5.3. The truss elements have three degrees o f freedom 
per node. The truss elements are soft having a  modulus o f elasticity equal to 10  ̂ psi and are 
assumed to be linearly elastic. Therefore, as the indenter moves toward the pipe in the analysis, 
these truss elements are stretched, but have negligible stress. The truss elements are necessary to 
prevent rigid body motion o f the indenter by placing non-zero elements in the appropriate locations 
o f  the structure stiffiiess matrix.
5.3. M aterial Modeling and Material Nonlinearity in Finite Elem ent Analysis
A material is called nonlinear if  stresses {cr} and strains {e} are related by a strain- 
dependent matrix rather than a matrix of constants (Cook et.al. (1989)). Thus the computational 
difficulty is that equilibrium equations must be written using material properties that depend on 
strains, but strains are not known in advance. Consider that yielding occurred already in the 
material and a strain increment de takes place. This strain increment is composed o f initially an 
elastic and then a  plastic contribution. The corresponding stress increment A a  can be written as,
(5.3.1)
where Et is the tangent modulus and E is the Young’s modulus.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
5.3.1. Yield Criterion
A yield function F is defined as a function o f stresses {cr} and quantities {a}  and IVp 
associated with the hardening rule (Cook et al. (1989)). Yielding occurs when
F{<7,a,W^)=Q  (5.3.1.1)
where 
{ a } = \ c { d e ^ }  and 
C can be assumed to be a  material constant, d d  is given by,
where O -  Q(<J, cc, fVp is the plastic potential and dA is a scalar called the ‘))lastic multiplier”. 
The ‘Associated” flow rule was used in modeling the denting o f  pipes where Q is defined equal to 
F. I f  the value o f F  < 0, then the material is in the elastic range and if  F  = 0, then the material is 
yielding. The von Mises yield criterion was used which states that yielding begins when,
F  = V 3 ct-(T ^ = 0  (5.3.1.3)
where O’is the effective stress which is a function o f the two principal stresses and the yield
stress is determined from the uniaxial tensile test o f coupons cut from the pipe.
5.3.2. Hardening Rule
The hardening rule describes how the \ield criterion is changed by the history o f plastic 
flow. Consider a  material that is loaded beyond yield up to a stress equal to cr/ and unloaded. 
Upon reloading if the material is elastic up to cr :• cr/ and renewed yielding occurs thereafter.
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Such material behavior is said to exhibit isotropic hardening. The stress-strain characteristics 
obtained from uniaxial testing as described in Chapter 4 was given as material input in FEA. It 
can be seen from Figures 4.2 and 4.4 that the pipe material is elastic up to yield and upon reloading 
exhibits isotropic hardening.
5.4. Geometric Nonlinearity in Finite Element Analysis
The geometric nonlinearity arises due to the large displacement which is a result o f  the 
considerable changes in the overall shape and curvature, both in the axial and circumferential 
directions. In small displacement analysis, the induced deformations o f  the element and the change 
in its spatial orientation are small enough that its stif&ess contribution to the overall structural 
stiffiiess is assumed to remain constant after deformation. On the other hand, in the large 
displacement analysis, the displacement induced deformations o f the element can be finite and the 
local element stiffiiess will change due to the change in element geometry after loading (Cosmos/M 
Advanced Modules, 1994). In this dissertation, pipes were dented in two modes, transverse and 
longitudinal. As the dent progresses in the transverse mode, the circular cross-section o f  the pipe 
changes from a curvature equal to its radius to a curvature o f zero under the indenter. In the axial 
direction, the curvature is zero before denting and reaches a curvature equal to or larger than the 
radius o f the pipe for deep dents. In the longitudinal mode, the curvature changes are different in 
nature, but still are very large and the geometric nonlinearity prevails. It is worth noting that the 
final shape o f the dented pipe is very different from the original circular cylindrical shape.
A procedure for analyzing geometrically nonlinear problems is given below (Cook 
et.al.(I989)):
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1. Begin with zero displacements, [Do} = {0}. A load {/?} is applied and the corresponding [D) 
is sought by iteration.
2. Form the tangent-stif&ess matrix [k, ], o f  the structure in the current configuration {£>}, (which 
is [D}o initially, {D}/. after the first computational cycle, etc.)
3. Use displacements{D}, to form resisting loads [Rr which are loads applied to structure 
nodes by the deformed elements.
4. Solve for displacement increments {dD},+, and update the configuration to {£>}/+/ :
|£ > l , . ,= ( £ > l , . ,+ |â O l , . ,  (5.4.1)
where.
Net loads {/?} + [Rr }, are an imbalance between externally applied and internally generated nodal 
loads. The load imbalance drives the structure toward a  configuration that reduces the imbalance. 
In an equilibrium configuration, the imbalance is zero.
5. Check for convergence, using a defined tolerance for accuracy.
5.5. Numerical Solution Procedures
5.5.1. Newton-Raphson Iterative Scheme
Consider that there is an applied load Pa and the corresponding displacement is somehow 
obtained as (Cook et.al. (1989)). Let the stiffiiess matrix k consist of two parts, a linear part ko 
and a  nonlinear part Then.
(^0  =^^.4 (5.5.1.1)
w h e r e ^/(ua)
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The load is increased to Pb (see Figure (5.4)) and the corresponding displacement ub is sought. A 
truncated Taylor series expansion o f f  =fCu) about ua is
where
dP d  d
— = — (^ o + ^ y  « ) = ^ o + ^ ( ^ i v  “ )= *f (5.5.1.3)
and kt is called the tangent stiffiiess. A value for Au/ is sought to satisfy the equation + Au,) 
= Pb. Thus with/ ( ua)  = Pa and k, evaluated at A, Equation (5.5.1.2) becomes
(5.5.1.4)
where Pb - Pa can be interpreted as the load imbalance. After computing Au,, the displacement 
estimate ii, = + Au, is updated. For the next iteration, a new tangent stiffiiess (k), is obtained
using Equation (5.5.1.3), and a new load imbalance Pb - P, is obtained, where P, comes from k = 
f(u) with u = II,. The updated displacement estimate is «2 = Wf + Au-}, where AU} is obtained by 
solving (kj. All} = P b -P, .
5.5.2. M odified Newton-Raphson Scheme
This method differs from the Newton-Raphson method only in that the tangent stiffiiess 
either is not updated or is updated infrequently. Thus in multi degree of freedom problems, the 
expensive repetitions o f forming and reducing the tangent-stiffiiess matrix [k,j is avoided. 
However, more iterative cycles are needed in order to reach a prescribed accuracy.
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5.6 Parameters Influencing Nonlinear Finite Element Analysis
•  In this research work on denting o f pipes, the iterative nonlinear analysis is performed 
numerically using the Newton-Raphson technique. The Newton-Raphson (NR) technique is 
chosen over the Modified Newton-Raphson (MNR) technique since the former technique 
provides a  better chance o f convergence. Our experience with the denting analysis showed that 
the MNR technique did not work for such deep denting analysis due to the extensive changes in 
the structural stiffiiess matrix after each loading step. However, the NR method formulates the 
stiffiiess matrix at every step and thus results in a very long solution time (several days).
•  The experiments in this dissertation were performed using displacement control. Therefore the 
indenter in the FEA models were subjected to a displacement applied at incremental steps 
through the use o f time curves. The ‘time” in this analysis is a pseudo-variable, whose value 
does not affect the computation since it is basically a succession o f static analytical steps. The 
choice of time step size depends on the level o f nonlinearity and solution procedure. However, 
adaptive automatic time stepping was adopted which uses an algorithm which starts with a 
relatively larger step and gradually reduces the step size until convergence is achieved. A 
typical time-displacement input curve is shown in Figure 5.5.
•  The large strain plasticity option is chosen for the element and the convergence tolerance can 
be set as high as 5% without sacrificing the accuracy of the analysis.
•  The geometric stiffiiess factor which is an arbitrary value used by Cosmos/M, can be changed 
between 0 and I if numerical stiffiiess singularities are encountered during iterations. The 
geometric stiffiiess factor ‘k‘ rearranges the stiffiiess matrix starting from the element level 
such as to remove the singularity, thus removing the numerical instability in the solution 
caused by the singularity.
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The target and the contact entities may be interchanged in the gap definition if  there are non­
converging gaps.
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Figure 5.1. Nonlinear Quadrilateral Thick Shell Element
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N ode k / '
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Figure 5.2. Schematic of Two Dimensional Contact
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XED T R U S S  E L E M E N T S
I N D E N T E R
M O D E L E D TH S H E L L  E L E M E N T S
Figure 5.3. Finite Element Truss Elements Used to Restrain the Indenter from Rigid Body Motion
Au Au.
Figure 5.4. Newton-Raphson Iterative Solution Scheme
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Figure 5.5. Typical Time-Displacement Curve Defined in the Nonlinear Finite Element Analysis
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CHAPTER 6
COMPARISON BETWEEN THE FINITE ELEMENT ANALYSIS AND 
EXPERIMENTAL RESULTS FOR DEEP TRANSVERSE 
DENTING OF MILD STEEL PIPES
6.0.1. Eflect of Boundary Conditions
Boundary conditions specified on the bottom of the pipe in the finite element analysis play 
a major role in the strain results obtained from deep denting o f  pipes. In the experiment, the pipes 
are bolted at the ends to a steel W 8 x 18 beam and the pipe is continuously supported by the 
beam. Initially, the pipe is in contact with the beam at 180° along the length o f the pipe. As the 
dent progresses, the pipe deforms, and other points around the circumference close to 180° come in 
contact with the beam, in the experiments. A wide area of contact between the pipe and the beam 
only happens in the deep denting cases (i.e.) when denting is performed beyond 3 inches. However, 
the beam is not modeled in FEA, and the displacements and rotations are fixed in all directions as 
shown in Figure 6 .1.2.3. at the 180° line only. The exact way to duplicate the boundary conditions 
of the experiment in the FEA would be to model the beam and gap elements between the beam and 
the pipe. However, there are limitations on the number of gap elements that could be modeled 
using Cosmos/M. Thus, in the case o f deep denting, plastic hinges are formed at the bottom o f  the 
pipe which is not duplicated in FEA. Figure 6.0.1.1. shows a schematic o f the difference in 
deformation modes between the experiment and FEA. From the figure, it is clear that due to the
58
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plastic hinge line formed at the bottom o f  the pipe, the rotation o f  the plastic hinge at the waist is 
higher in the case o f the experiment than FEA. Therefore, more energy is required to dent the pipe 
in reality, than what is duplicated by FEA which can be seen from the force-displacement curves 
between the experiment and FEA in all the cases. This effect is more pronounced in the 8 inch 
diameter pipes than the 12 inch diameter pipes because a deeper dent is created in the 8 inch 
diameter pipes.
The comparison of strain results between the readings obtained from the experiment and 
the strain results from FEA at 90° and beyond 90° around the circumference up to 180°, because o f 
the assumption on boundary conditions at the bottom o f the pipe in FEA models. At larger dent 
depths, the strain readings at 90° obtained from the experiments are considerably higher than the 
FEA strain results. From Figure 6.0.1.1., if the difference in rotation, between the original and the 
deformed pipe in FEA at 90° is given by A a ,,
A a , = a , - « 0  (6 .0 . 1.1.)
and if, the corresponding difference in the experiment is given by A aj ,
A a ,  = a , - a o  (6.0.1.2 )
Since Aa? is larger than Aa,, the rotation o f the plastic hinge at 90° is larger in the experiment than 
the FEA, causing the strains to be considerably higher in the experiment at 90°.
6.0.2. Effects of Eccentricity on the Strain Results
In some experimental cases, especially in the large 12 inch diameter pipes eccentricity was 
introduced due to improper alignment o f the pipe on the MTS equipment. The pipe was supported 
on a beam and the beam was held in position by the MTS through a 3/4 inch steel rod. The
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indenter was also held at the bottom head by the MTS through a 3/4 inch rod. The grips of the 
MTS, both in the top and bottom heads have 3/4 inch openings where the rod attached to the 
indenter or the beam is placed. No other part o f  the beam or the indenter can rest on the heads 
because this may damage the heads. Therefore, the beam and the indenter could not be supported 
on the MTS in any other manner. Since the indenter and the beam are held by a  3/4 inch diameter 
rod, a small misalignment in the positioning o f  the pipe on the beam tipped the indenter to one side 
in the circumferential direction. Strain gages, in most o f the cases, were installed on either side o f 
the 0° line to monitor symmetry. The strain gage on one side, in the direction o f  the indenter tip, 
started to read the strains earlier than the corresponding strain gage on the other side of the 
circumference. Eccentricity caused a phase lag between the strain readings from the experiment 
and FEA strain results and also between the two strain gages on the opposite sides of the 
circumference. A correction for phase lag is made on some o f the strains to show the effects of 
eccentricity in the sections where strain readings from experiment and strain results from FEA are 
compared. The peak strain between the two results are compared and the adjustment is made to 
the entire denting process using that difference in phase lag. It is worth noting that when the MTS 
reaches the maximum indenting range, the tip o f  the eccentric indenter is at a larger denting depth 
than its center. This causes the corresponding gages to measure higher strain values than FEA in 
the final denting stages.
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6.1. Transverse Denting of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe Without 
End Plates
6.1.1. Experiment
A 12 inch diameter, 0.1875 inch thick, mild steel pipe was dented in the transverse mode 
using the MTS equipment. The pipe was supported on a  steel beam and held in position from the 
top head while the indenter was mounted on the bottom head o f the M TS. In this experiment, the 
pipe was free at the ends (without end plates). The indenter was placed at the center o f  the pipe 
and the load was applied in a transverse mode (perpendicular to the longitudinal axis o f  the pipe). 
In this experiment, the rod was placed in a hole at the bottom o f the indenter (not welded or snug 
fit) and the indenter tipped to one side as soon as the pipe was loaded thus causing the eccentricity. 
In later experiments, the rod was heated, snug fit in the hole and then cooled which provided a 
more rigid support for the indenter. The strain gages were installed a t different locations on the 
pipe as shown in Figure 6 .1.1. 1. Strain gage at location #15 was damaged while loading the pipe 
on the MTS equipment. Strain gages were only placed on the outer surface o f the pipe because 
controlling the installation and reaching very far inside the pipe was a  very difficult task. 
However, in some of the later experiments, a couple o f strain gages were installed in the inner 
surface to monitor membrane strains. The indenter movement was controlled using the 
displacement mode o f the MTS at a rate o f 0.0005 inch/sec. The indentation was performed up to 
a d/D ratio of 0.5, i.e., until the indenter reached a depth equal to the radius o f the pipe.
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6.1.2. Finite Element Analysis
The finite element model o f  a  12 inch diameter and 0.1875 inch thick pipe without end 
plates is shown in Figure 6 .1.2.1. The mesh consists o f 2401 elements and 2286 nodes, the mesh 
elements have a  uniform thickness-width-length ratio o f 1: 1:1 where the indenter comes in contact 
with the pipe (Figure 6 .1.2.2). This element aspect ratio is maintained constant in the 
circumferential direction because the indentation is in transverse loading mode. Utilizing the 
symmetry o f the structure, only one quarter o f the pipe and indenter are modeled in the finite 
element analysis. The time-displacement curve and the stress-strain characteristics, given as input 
to the FEA run are shown and discussed in Chapter 5. The indenter has a larger mesh than the 
pipe as shown in Figure 6 .1.2.2, which is a requirement in Cosmos/M for convergence of gaps. 
The pipe was used as the target and the indenter was used as the contactor in defining the gap 
surfaces and elements. Soft (E = 10x10^ psi) and thin (A = 0.1 sq. in.) truss elements are attached 
to the top o f the indenter to prevent rigid body motion as explained in Chapter 5. Since the FE 
analysis is performed using prescribed displacements at the nodes and since there is an upper limit 
o f  500 prescribed displacements in the code, the mesh elements had to be elongated towards the end 
o f the pipe ha\'ing a  length to width ratio o f 25. This mesh layout is acceptable since the pipe ends 
are far away from the applied loads. The boundary conditions o f the pipe are shown in Figure
6 .1.2.3. The slope and the displacement are fixed as appropriate along the edges o f symmetry. 
The bottom of the pipe is fixed in all directions. The ends of the pipe are free since this analysis is 
on a pipe without end plates. Automatic time stepping was used in the analysis which required 98 
time steps to solve the problem in approximately 27 hours of CPU time. The nonlinear analysis 
did not stop in the middle o f the run since convergence was not a problem. The session file used in 
the analysis o f the problem is included in Appendix D.
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6.1.3. Comparison of Results
The increasing loads required to dent the pipe are continuously recorded from the MTS 
load cell during the entire denting process. The corresponding loads from FEA are calculated 
using the sum of gap forces at the closed gaps between the indenter and the pipe at different time 
steps. Figure 6 .1.3.1. shows good agreement between the load curves obtained from the 
experiment and FEA with FEA predicting a lower load at the final stages. This is due to the 
approximate modeling o f  boundary conditions at the bottom of the pipe which is discussed at 
length in Section 6.0.1. The loads increase steadily up to 22000 lbs beyond which the curve starts 
to flatten indicating that plastic hinges that formed originally at the center have spread throughout 
the pipe under the indenter. Once plastic hinge lines are established under the indenter, denting will 
continue without appreciable additional loading.
Figures 6 .1.3.2 through 6.1.3.10 show comparisons o f strain results obtained from FEA 
to corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on either side o f the indenter to check the symmetry o f  loading. The strains 
showed good agreement a t different locations on the 0° line. However, due to the pronounced 
eccentricity, the strains around the circumference on one side o f the indenter deviated from the FEA 
results and this effect is discussed in Section 6.0.2. Strain results from FEA at strain gage location 
#1 (Figure 6 .1.3.2) over predict the experimental strain gage readings by 25%. This effect is seen 
in most o f the test cases at this location. In Figure 6 .1.3.3, out o f the two strain gages installed on 
opposite sides o f the indenter, strain gage #2 is in good agreement with FEA but not strain gage #4. 
Strains in the 30® and 45® locations show a phase lag due to the eccentricity. Tlie phase lag is 
adjusted for the strain gage at location #5 and location #6  and is shown in Figures 6.1.3.5a and 
6.1.3.6a respectively. The peak strains between FEA and experiment are compared and the
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adjustment is made to the entire denting process using that difference. In cases where there are 
more than one peak strain, the average value is taken for the difference as in the case o f strain gage 
#6 . At the 90°, circumferential strain gage #9 shows a  very high reading at the final stages 
compared to the FEA results. This discrepancy is due to the approximation in the boundary 
conditions at the bottom o f  the pipe and is discussed in detail in Section 6.0.1. However, axial 
strain gage # 10 follows the FEA curve very closely because the effect o f  boundary condition is 
only seen in the circumferential strains.
Figures 6.1.3.11 and 6.1.3.12 show comparisons o f  circumferential strain readings from 
experiment and FEA at various dent depths at a  distance o f 0.75 inch from the indenter around the 
top half circle o f the pipe. The effects o f eccentricity are clearly seen in these figures. The 
circumferential strains are compressive at the center of pipe where the first contact was made by 
the indenter and are in tension away from the center. The change from compression to tension 
occurs approximately between 30° and 45°. The compressive strain value is maximum at 0° and 
has a value of -2 0 ,0 0 0  ps while the tensile strains increase around the top half circle as the dent 
progresses and when d/D = 0.5, the maximum value is 65,000 ps at 75°; they start to decrease 
beyond 75°.
Figures 6.1.3.13 and 6.1.3.14 show comparisons o f axial strain readings (top fece) from 
experiment and FEA at various dent depths at a  distance of 0.75 inch fi"om the indenter around the 
top half circle o f the pipe. The axial strains are initially all in tension and then start to go 
compressive as the pipe starts to cave in during the denting process. The strains alternate between 
compression and tension for a  while before going all compressive. The strains at 90° are negligible 
compared to the strains at 0° where the axial strain has a maximum compressive value o f -25.000 
pe when d/D = 0.5.
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Figure 6.1.3.15 shows the axial strains (top free) obtained from FEA under the indenter 
and plotted around the circumference. As the dent progresses, the strains increase around the 
circumference until 75° and beyond that the strains start decreasing. The strain is maximum at 60° 
having a  value o f  -350,000 pe at the final denting stage when d/D = 0.5. The indenter is in contact 
with the pipe ju st above 75°. The edge o f the indenter causes the high compressive membrane 
strain in the axial direction at 60° and the bulging of the pipe at 75° is the reason for high tensile 
bending strain in the circumferential direction as seen in Figures 6.1.3.15 through 6.1.3.20. The 
axial compressive membrane strain at 60° is as high as - 1 2 0 ,0 0 0  ps and the circumferential 
bending strain is 90,000 pe. The highest circumferential membrane strain is under the indenter at 
0°; from the initial stage o f indentation, the membrane reaches a  strain o f - 10,000  pe and remains 
constant with further indentation. This is because the deformed shape under the indenter is fiat and 
does not change shape with further indentation.
Figures 6.1.3.21 to 6.1.3.23 show the variation of axial strains (top free) along the length 
of the pipe. As seen in the figures, the membrane strain passed the yielding limits, however, much 
of the strain contribution is due to bending. The strain reaches a maximum value o f 70,000 ps at 
start o f  indentation and there is a slight increase in strain to 78,000 ps with further indentation. 
This is because the pipe material conforms to the shape of the indenter at the initial stage of 
indentation and does not change shape in the vicinity of the indenter with continued indentation. 
Figures 6.1.3.24 to 6.1.3.26 show the variation of circumferential strains along the length o f the 
pipe. It can be seen that the strains have a  maximum value o f 25,000 ps under the indenter and 
gradually reach zero at the end o f the pipe. The membrane strain is compressive having a value of 
-10.000 ps under the indenter and goes to low tension beyond 5 inches from the indenter.
Figures 6.1.3.27 to 6.1.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length o f the pipe. The maximum von Mises stress is around 70,000
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psi under the indenter. The von Mises membrane stress is high, when d/D = 0.416 at 60°, under 
the indenter having a value o f 55,000 psi which is above yield; this stress value reduces as the dent 
progresses further to d/D = 0.5. As the denting progresses from d/D = 0.416 to d/D =0.5, the 
indenter covers the region at 60°, thus preventing the pipe material from expanding further. The 
von Mises stress results along the length show that the pipe has yielded up to 18 inches on the top 
along the 0° line. The von Mises membrane stress along the length are far below yield stress 
because the deformation is mainly in flexural rotations and the ends o f  the pipe are free.
Figures 6.1.3.31 and 6.1.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displaced shape o f the 
pipe from FEA is shown in Figure 6.1.3.33. The vertical displacement at the end o f  the pipe is 
0.88 inches at d/D = 0.5. No precise displacement measurements other than the indenter movement 
were made in these experiments.
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Figure 6 .0.1.1. Schematic o f Experimental and Finite Element Deformation Modes at the Bottom 
Portion o f  the Pipes.
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Figure 6 .1.1.1. Schematic o f Strain Gage Layout for Transverse Indentation on a 12 inch 
Diameter. 0.1875 inch Thick, Mild Steel Pipe Without End Plates
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P E
Figure 6 .1.2.1. Finite Element Mesh o f the Indenter and the 12 inch Diameter. 0.1875 inch Thick. 
Pipe Without End Plates
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Figure 6 .1.2.2. Finite Element Mesh Having Small Elements on the Pipe and Large Elements on 
the Indenter of a  12 inch Diameter, 0.1875 inch Thick. Mild Steel Pipe Without End Plates
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
R V
Figure 6 . 1.2.3. Boundary Conditions on the Three Edges of Symmetry and at the End o f  the Pipe 
Given in the Finite Element Model of a 12 inch Diameter, 0.1875 inch Thick. Mild Steel Pipe 
Without End Plates
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 6 .1.3.33. Displaced Shape o f 12 inch Diameter. 0.1875 inch Thick. Mild Steel Pipe at d/D 
= 0.5 (d - dent depth. D - Diameter o f Pipe)
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6.2. Transverse Denting of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End 
Plates
6.2.1. Experiment
An 8 inch diameter, 0.125 inch thick, mild steel pipe was dented in the transverse mode 
using the M TS equipment as shown in Figure 6.2.1.1. The pipe was supported on a steel W 8 x 18 
beam and held in position from the top head while the indenter was mounted on the bottom head o f 
the MTS. The pipe was free a t the ends (without end plates). The indenter was placed exactly at 
the center o f  the pipe and the loading was applied in a transverse mode (perpendicular to the 
longitudinal axis o f the pipe). Strain gages were installed at different locations on the pipe as 
shown in Figure 6.2.1.2. The strain gages were placed 1.0 inch away from the indenter because in 
the previous experiment, the strain gages wires were damaged as the dent progressed, when placed 
at 0.75 inch away from the indenter. The indenter movement was controlled using the 
displacement mode of the MTS at a rate o f 0.0005 inch/sec. The indentation was performed up to 
a d/D ratio o f  0.75, i.e., until the indenter reached a depth equal to 6 inches which is more than the 
4 inch pipe radius. The dented pipe at the final stage is shown in Figure 6.2.1.3.
6.2.2. Finite Element Analysis
A finite element model o f  the 8 inch diameter and 0.125 inch thick mild steel pipe was 
created using Cosmos/M. The mesh consists o f 2752 elements and 2589 nodes. The mesh has a 
uniform thickness to width to length ratio o f 1:1:1 where the indenter comes in contact with the 
pipe. This element aspect ratio is maintained constant in the circumferential direction because the 
mode o f indentation is in transverse loading mode. Utilizing the symmetry o f the structure, only one
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quarter of the pipe and indenter are modeled in the finite element analysis. The time-displacement 
curve and the stress-strain characteristics, given as input to the finite element run are shown and 
discussed in Chapter 5. The indenter has a  larger mesh than the pipe, which is a  requirement in 
Cosmos/M for convergence o f gaps. The pipe was used as the target and the indenter was used as 
the contactor in defining the gap surfeces and elements. Soft (E = lOxlO’ psi) and thin (A == 0.1 
in* ) elements are attached to the top o f the indenter to prevent rigid body motion as explained in 
Chapter 5. Since the finite element analysis is performed using prescribed displacements a t the 
nodes and there is an upper limit o f only 500 prescribed displacements in the code, the mesh 
elements had to be elongated towards the end o f the pipe having a  length to width aspect ratio o f 
25. This mesh layout is acceptable since the pipe ends are free to deform and free from applied 
loads. The boundary conditions o f the pipe are similar to the 12 inch diameter pipe as explained in 
the previous section. The slope and the displacement are fixed as appropriate along the edges o f 
symmetry. The bottom o f  the pipe is fixed in all directions. The ends o f  the pipe are free since this 
analysis is on a  pipe without end plates. Automatic time stepping was used in the analysis which 
required 146 time steps to solve the problem in approximately 40 hours of CPU time. The 
nonlinear analysis had stififiiess singularity problems and the ‘k’ factor in the A NONLINEAR 
command had to be adjusted from 1.0 to 0.5 to complete the problem. The “k ’ factor is a 
geometric stiffiiess factor to which any arbitraiy number between 0.0 and 1.0 can be assigned. The 
Cosmos/M Advanced Modules (1995) suggested starting a problem with ‘k* factor o f 1.0 and if 
singularity problems occur, change the value of ‘k’ to 0.5 and then to 0.0. The factor rearranges 
the stiffness matrix starting from the element level to remove singularity in the stiffness matrix.
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6.2.3. Comparison of Results
The increasing loads required to dent the pipe is continuously recorded from the MTS load 
cell during the entire denting process in the experiment. The corresponding loads from FEA are 
calculated using the sum o f gap forces at the closed gaps between the indenter and the pipe at 
different time steps. Figure 6.2.3.1. shows the comparison between the load curves obtained from 
the experiment and FEA. FEA under predicts the experimental load curve at the ends by 18% 
when d/D = 0.75. This is due to the approximate modeling o f boundary conditions at the bottom of 
the pipe which is discussed at length in Section 6.0.1. The effect o f  modeling is more pronounced 
in the 8 inch diameter pipe because the denting is performed beyond d/D =  0.5. The loads increase 
steadily up to 9000 lbs beyond which the curve starts to flatten indicating that plastic hinges which 
started forming originally at the center have spread under the indenter. Once plastic hinges are 
established, denting will continue without appreciable additional loading.
Figures 6.2.S.2 through 6.2.3.10 show comparison o f strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on both sides at a distance o f  1 inch from the indenter to check the symmetry 
o f loading. Strain gages a t locations, 112, #11, and #13 were damaged while loading the pipe on the 
MTS equipment. Strain results from FEA at strain gage location # l is over predicting the 
experimental strain results by 35%. The two experimental strain gages at location # I and #3 are in 
very good agreement between each other but FEA strain at this location is higher. This difference 
is seen in most o f the test cases at this location. Strain gage #4 is in good agreement with FEA 
until a  dent depth o f 1 inch, but then the values start decreasing rapidly indicating the possibility of 
a loose gage. Strain gages at 30*̂  and 45*’ are very close to the FEA values as seen from Figures 
6.2.3.5 to 6.2.3.8. In the 8 inch diameter pipe, both circumferential and axial strains at 90"̂  arc
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affected by the boundary condition at the bottom of the pipe. This effect is discussed in detail in 
Section 6.0.1. In general, strain comparison was much better than the previous experiment 
because there was no eccentricity in loading.
Figure 6.2.3.11 and 6.2.3.12 show comparison o f  circumferential strain readings from 
experiment and FEA at various dent depths at a distance o f 1.0 inch from the indenter around the 
top half circle o f the pipe. The circumferential strains are compressive at the center o f the pipe 
where the first contact was made by the indenter and are in tension away from the center exhibiting 
a  similar behavior to that o f the 12 inch diameter pipe. The change from compression to tension 
occurs approximately between 30° and 45°. The compressive strain value is maximum at 0° and 
has a value of -20,000 pe while the tensile strains increase around the top half circle as the dent 
progresses and when d/D = 0.75, the maximum value obtained from strain gage readings a t 90° is 
90,000 pe.
Figure 6.2.3.13 and 6.2.3.14 show comparison o f axial strain readings (top face) from 
experiment and FEA at various dent depths at a distance o f  1.0 inch from the indenter around the 
top half circle o f the pipe. The axial strains are in tension at the center of the pipe where the 
indenter first comes in contact with the pipe and goes compressive away from the center. The 
transition from tension to compression takes place between 30° and 50°. The strain gage readings 
a t 90° are very high compared to the FEA strains having a value o f -35,000 pe when d/D = 0.75. 
This is explained by the difference in boundary conditions at the bottom of the pipe when extensive 
yielding occurs at the bottom of the pipe.
Figure 6.2.3.15 shows the axial strains (top face) obtained from FEA under the indenter 
and plotted around the circumference. As the dent progresses, the strains increase around the 
circumference until 75° and beyond that the strains start decreasing. The strain is maximum at 75° 
having a value o f -350,000 ps at the final denting stage when d/D = 0.75. The actual strains may
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be larger at 90° but that is not predicted by FEA because o f the approximation in the boundary 
conditions. In this experiment, denting is carried out beyond the radius o f the pipe causing high 
compressive strain in the circumferential direction at the bottom of the pipe. The axial membrane 
strain at 75° is as high as -170,000 pe and the circumferential bending strain is 90,000 pe. The 
circumferential membrane strain is relatively low under the indenter. The strain at 0° is -10,000 pe 
in compression and remains constant with further indentation. This is because the deformed shape 
under the indenter is flat and does not change shape with further indentation. The circumferential 
membrane at 75° also has a value o f 10,000 ps in tension.
Figures 6.2.3.21 to 6.2.3.23 show the variation o f axial strains (top face) along the length 
o f the pipe. As seen from the figures, the membrane strain passed the yield limits, however, much 
o f the strain contribution is due to bending. The strain reaches a  maximum value o f  78,000 pe at 
start o f  indentation and there is slight increase in strain up to 90,000 pe with further indentation. 
This is because the pipe material conforms to the shape of the indenter at the initial stage of 
indentation and does not change shape in the vicinity of the indenter with continued indentation. 
Figures 6.2.3.24 to 6.2.3.26 show the variation o f  circumferential strains along the length o f the 
pipe. It can be seen that the strains have a maximum value o f 25,000 ps under the indenter and 
gradually reach zero a t the end o f the pipe. The membrane strain is in compression having a value 
o f -10,000 pe under the indenter and goes to low tension values beyond 3 inches from the indenter.
Figures 6.2.3.27 to 6.2.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length of the pipe. The maximum von Mises stress is around 60,000 
psi under the indenter. The von Mises membrane stress is high when d/D = 0.375. at 60° under the 
indenter having a value o f 40,000 psi which is close to yield. This stress value reduces as the dent 
progress further to d/D = 0.75 exhibiting a similar behavior as that o f the 12 inch diameter pipe. 
As denting progresses from d/D = 0.375 to d/D = 0.75 the indenter would have covered the region
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at 60°, thus preventing the pipe from expanding further. The von Mises stress results along the 
length show that the pipe has yielded up to 10 inches on the top along the 0° line. The von Mises 
membrane stress along the length are far below yield stress because the deformation is mainly due 
to flexural rotations and the ends o f the pipe are froe.
Figures 6.2.3.31 and 6.2.3.32 show the displacement from PEA in the vertical direction 
around the circumference and along the length o f  the pipe respectively. The vertical displacement at 
the end o f the pipe is 1.9 inches at d/D = 0.75. No precise displacement measurements other than 
the indenter movement were made in this experiment.
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Figure 6 .2 .1 .1 .8  inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates Set up on 
the MTS Equipment for Transverse Denting
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Figure 6.2.1.3. 8 inch Diameter. 0.125 inch Thick, Mild Steel Pipe Without End Plates in its Final 
Dented Shape Due to Transverse Indentation at d/D = 0.75 (d - Dent Depth, D - Pipe Diameter)
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6.3. Transverse Denting of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe With 0.5 
inch Thick, End Plates
6.3.1. Experiment
A 12 inch diameter, 0.1875 inch thick, mild steel pipe with 0.5 inch thick, end plates was 
dented in the transverse mode using the MTS equipment. The pipe was supported on the MTS as 
explained in the previous sections and is shown in Figure 6.3.1.1. The pipe was welded to 0.5 inch 
thick, 13 inch square steel plates on both ends as shown in Figure 6.3.1.2. The weld size was 
chosen such as to achieve full penetration. The indenter was placed at the center o f  the pipe and 
the load was applied in a  transverse mode (perpendicular to the longitudinal axis o f the pipe). The 
strain gages were installed at different locations on the pipe as shown in Figure 6.3.1.3. Strain 
gage at location U7, was damaged while loading the pipe on the MTS equipment. The indenter 
movement was controlled using the displacement mode o f the MTS at a rate o f 0.0005 inch/sec. 
The indentation was performed up to a d/D ratio o f 0.5, i.e., until the indenter reached a  depth 
equal to the radius o f  the pipe. The pipe in the final dented stage is shown in Figure 6.3.1.4.
6.3.2. Finite Element Analysis
The finite element model o f a  12 inch diameter, 0.1875 inch thick pipe with 0.5 inch thick 
end plates is shown in Figure 6.3.2.1. The mesh consists o f 2701 elements and 2286 nodes, the 
mesh elements have a uniform thickness-width-length ratio o f 1:1:1 where the indenter comes in 
contact with the pipe. This element aspect ratio is maintained constant in the circumferential 
direction because the indentation is in transverse loading mode. The end plate was modeled using 
300 shell elements each having a thickness o f 0.5 inch. Utilizing the symmetry o f the structure.
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only one quarter o f the pipe, indenter and end plate are modeled in the finite element analysis. The 
time-displacement curve and the stress-strain characteristics, given as input to the FEA run are 
shown and discussed in Chapter 5. The pipe was used as the target and the indenter was used as 
the contactor in defining the gap surfaces and elements. Soft (E = 10x10^ psi) and thin (A = 0.1 
sq. in.) truss elements are attached to the top o f the indenter to prevent rigid body motion as 
explained in Chapter 5. Since the FE analysis is performed using prescribed displacements at the 
nodes and since there is an upper limit o f 500 prescribed displacements in the code, the mesh 
elements had to be elongated towards the end of the pipe having a  length to width ratio o f  25. The 
end plate adds fixity to the ends o f  the pipe but is still allowed to rotate and deflects by a  large 
amount. Therefore the axial bending strains are very low at the ends o f the pipe and an  element 
aspect ratio of 25 is acceptable even in the case o f  pipe with end plates. The boundary conditions 
o f  the pipe are similar to the pipe without end plates. The slope and the displacement are  fixed as 
appropriate along the edges o f  symmetry. The bottom o f  the pipe is fixed in all directions. 
Automatic time stepping was used in the analysis which required 117 time steps to solve the 
problem in approximately 32 hours o f CPU time. The nonlinear analysis did not stop in the middle 
o f  the run since convergence was not a problem.
6.3.3. Comparison of Results
The increasing loads required to dent the pipe are continuously recorded from the MTS 
load cell during the entire denting process in the experiment. The corresponding loads fi’om FEA 
are calculated using the sum of gap forces at the closed gaps between the indenter and the pipe at 
different time steps. As seen from Figure 6.3.3.1., the FEA load curve follows the load curve 
obtained from the experiment very closely. The loads increase steadily up to 25000 lbs beyond
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which the curve starts to flatten indicating that the plastic hinges which started forming at the 
center have spread throughout the pipe under the indenter. Once plastic hinge lines are established 
denting will continue without appreciable additional loading.
Figures 6.3.3.2 through 6.3.3.10 show comparison o f  strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
readings from gage locations #1 and #3 predict lower strain values compared to FEA. The 
deviation o f  FEA strains from the experimental values a t this location was seen in the two 
experiments described in the earlier sections. Strain readings from gage location #14, followed the 
FEA curve until the dent reached 2 inches deep and then started to deviate from the FEA curve. 
This indicates a possibility o f a  loose gage at this location. Other than these locations, strain 
readings obtained from the experiment closely followed the strain results obtained from FEA. The 
circumferential strain readings at 90° are considerably higher than the FEA results because o f  the 
approximation in the modeling o f boundary conditimis at the bottom of the pipe which is discussed 
in Section 6.0.1. The axial strains at 90° are unaffected by this assumption as in the case o f the 12 
inch diameter pipe without end plates.
Figures 6.3.3.11 and 6.3.3.12 show comparison o f circumferential strain readings (top 
face) from experiment and FEA at various dent depths at a  distance o f 1.0 inch from the indenter 
around the top half circle o f the pipe. The strain gage readings on either side o f the 0° line were 
very close indicating that the loading was symmetrical. The circumferential strains are 
compressive at the center o f pipe where the first contact was made by the indenter and are in 
tension away from the center exhibiting a similar behavior to the pipe without end plates. The 
change from compression to tension occurs approximately between 30° and 45°. The compressive 
strain value is maximum at 0° and has a value of -25,000 pe while the tensile strains increase
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around the top half circle as the dent progresses and when d/D = 0.5, the maximum value obtained 
from FEA is 75,000 pe at 75°.
Figures 6.3.3.13 and 6.3.3.14 show comparison of axial strain readings (top face) from 
experiment and FEA at various dent depths at a  distance of 1.0 inch from the indenter around the 
top half circle o f  the pipe. The axial strains are in tension at the center o f  the pipe where the 
indenter first comes in contact with the pipe and then start to go compressive around the 
circumference o f  the pipe. The change from compression to tension occurs between 30° and 45°. 
As the dent progresses the axial strain a t 0° starts to go from tension to compression and becomes 
compressive at d/D = 0.5. The strains at 90° are negligible compared to the strains at 75° where 
the axial strain has a  maximum value o f -40,000 pe when d/D = 0.5.
Figure 6.3.3.15 shows the axial strains (top &ce) obtained from FEA under the indenter 
and plotted around the circumference. As the dent progresses, the strains increase around the 
circumference until 60° and beyond that the strains start decreasing. The strain is maximum at 60° 
having a value o f -450,000 pe at the final denting stage when d/D = 0.5. The indenter is in contact 
with the pipe just above 75°. The edge o f the indenter causes the high compressive membrane 
strain in the axial direction at 60° and the bulging o f the pipe at 75° is the reason for high tensile 
bending strain in the circumferential direction as seen in Figures 6.3.3.15 through 6.3.3.20. The 
axial membrane strain at 60° is as high as -170,000 pe and the circumferential bending strain is
130.000 pe. The circumferential membrane strain relatively low under the indenter. The strain at 
0° is -10,000 pe and from the initial stage o f indentation, the membrane reaches a strain o f  -
10.000 pe and remains constant with further indentation. This is because the deformed shape under 
the indenter is flat and does not change shape with further indentation. The circumferential 
membrane strain at 75° is also about 10,000 pe in tension.
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Figures 6.3.3.21 to 6.3.3.23 show the variation of axial strains (top face) along the length 
o f the pipe. As seen in the figures, the membrane strain passed the yielding limits under the 
indenter, however, much o f  the strain contribution is due to bending. The bending strain reaches a 
maximum value o f  85,000 ps under the indenter at start o f indentation and there is a  slight 
increase in strain to 100,000 pe with further indentation. This is because the pipe material 
conforms to the shape o f  the indenter at the initial stage o f indentation and does not change shape 
in the vicinity o f the indenter with continued indentation. Figures 6.3.3.24 to 6.3.3.26 show the 
variation o f  circumferential strains along the length o f  the pipe. It can be seen that the strains have 
a maximum value o f  25,000 pe under the indenter and gradually reach zero at the end o f the pipe. 
The membrane strain is in compression having a value o f -10,000 pe under the indenter and goes to 
a low tension beyond 5 inches from the indenter exhibiting a similar behavior as the pipe without 
end plates.
Figures 6.3.3.27 to 6.3.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length o f the pipe. The maximum von Mises stress is slightly less 
than 70,000 psi under the indenter. The von Mises membrane stress is high when d/D = 0.5, a t 75° 
under the indenter having a value o f 58,000 psi which is above yield. The von Mises stress plot 
along the length indicates that the pipe has yielded up to 18 inches from the center. The von Mises 
membrane stress along the top 0° line is under yield stress even with end plates, because the 
deformation is mainly in flexural rotations.
Figures 6.3.3.31 and 6.3.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displaced shape o f  the 
pipe from FEA is shown in Figure 6.3.3.33.
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Figure 6 3 1 1 12 inch Diameter. 0 1875 inch Tliick. Mild Steel Pipe With End Plates Set up on 
the .MTS Equipment for Transverse Denting
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f t
Figure 6.3.1.2. 12 inch Diameter. 0.1875 inch Thick, Mild Steel Pipe With End Plates Welded and 
Bolted to the I Beam Using a Channel
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
#10  1 0 "
— .....
1#8
$ ....
_L_#7
#12 #4 ; #3
- ....... - c = 0 - - '
0.75"
• #14
•B
MJS.
1.0"
B
#9
#6
#1 I #2
0.75"
e
#13
; #15
G age L ayout Legend; 
r~ I Axial Layout 
B  C ircum ferential Layout
#11
C enter Line o f  P ipe
Circumferential
A x ia l
90°
45°
30°
0“
-30°
. . r 4 5 °
  i  _ _ _ _ _ _ _ _ _ _ _ _ _  t 9 Q
155
Figure 6.3.1.3. Schematic o f Strain Gage Layout for Transverse Indentation on a 12 inch 
Diameter. 0.1875 inch Thick, Mild Steel Pipe With End Plates
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure n 3 I 4 12 inch Diameter. M 1X75 inch Tliick. Mild Steel Pipe With Endplates in its Final 
Dented Shape Due to Transverse Indentation at d'D = II 5 (d - Dent Depth. D - Pipe Diameter)
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Figure 6 .3.2.i. Finite Element Mesh o f  the Indenter and the 12 inch Diameter. 0.1875 inch Thick, 
Pipe With End Plates
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Element Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation of 12 inch
Diameter, 0.1875 inch Thick, Mild Steel Pipe With End Plates
00
LA
CD■D
O
Q .
C
g
Q .
■D
CD
C/)
C/î
8
ci'
33"
(D
CD
T 3
O
Q .
Ca
o3
T 3
O
CD
Q .
T 3
CD
7.fl00E+04
6.000E+04
d/D = 0.083
OOOOE+00
— d/D = 0.166 
• d/D = 0.250
— -X- - d/D = 0.333
— •* — d/D = 0.416 
— d/ D = 0.500
d - Indenter Displacement 
D - Pipe Diameter
5.000Ef04
rz- 4.000E+G4
3.000E+04
2.000E+04
OOOE+04
0.00 5.00 10.00 15.00 20.00 25.00
Distance (Inches)
30.00
C/îw
o"3
Figure 6.3.3.29. Von Mises Stress Results (Top Face) at Various Dent Depths Taken From Finite Element Analysis and
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Figure 6.3.3.33. Displaced Shape of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe With 
Endpiates at d/D = 0.5 (d - dent depth, D - Diameter of Pipe)
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6.4. Transverse Denting o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End 
Plates
6.4.1. Experiment
An 8 inch diameter, 0.125 inch thick, mild steel pipe with 0.5 inch thick end plates was 
dented in the transverse mode using the MTS equipment as shown in Figure 6.4.1.1. The pipe was 
supported on a  steel W 8 .x 18 beam and held in position from the top head while the indenter was 
mounted on the bottom head o f  the MTS. The pipe was welded to 0.5 inch thick 9 inches square 
steel plates on both ends. The indenter was placed at the center o f the pipe and the loading was 
applied in a  transverse mode (perpendicular to the longitudinal axis of the pipe). The strain gages 
were installed at different locations on the pipe as shown in Figure 6.4.1.2. Strain gages were 
placed an inch away from the indenter on either side on the 0°, 30°, 45° and the 90° lines. Two 
strain gages were placed 2 inches away from the end plates to monitor the strain on the pipe close 
to the plates. The indenter movement was controlled using the displacement mode o f  the MTS at a 
rate o f 0.0005 inch/sec. The indentation was performed up to a d/D ratio o f 0.75, i.e., until the 
indenter reached a  depth equal to the 6 inches which is more than the 4 inch pipe radius. The pipe 
in the final dented stage is shown in Figure 6.4.1.3.
6.4.2. Finite Element Analysis
A finite element model o f the 8 inch diameter and 0.125 inch thick mild steel pipe with 0.5 
inch thick end plates was created using Cosmos/M. The mesh consists of 3052 elements and 2792 
nodes. The mesh has a uniform thickness to width to length ratio o f 1.1:1 where the indenter 
comes in contact with the pipe. This element aspect ratio is maintained constant in the
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circumferential direction because the mode o f indentation is in transverse loading mode. The plate 
consists o f 300 elements. The time-displacement curve and the stress-strain characteristics, given 
as input to the finite element run are shown and discussed in Chapter 5. The indenter has a  larger 
mesh than the pipe, which is a requirement in Cosmos/M for convergence of gaps. The pipe was 
used as the target and the indenter was used as the contactor in defining the gap sur&ces and 
elements. Soft (E = 10x10^ psi) and thin (A = 0.1 in' ) elements are attached to the top o f the 
indenter to prevent rigid body motion as explained in Chapter 5. Since the finite element analysis 
is performed using prescribed displacements at the nodes and there is an upper limit o f 500 
prescribed displacements in the code, the mesh elements had to be elongated towards the end o f the 
pipe having a length to width aspect ratio o f  25. The boundary conditions of the pipe are similar to 
the 12 inch diameter pipe as explained in the previous section. The slope and the displacement are 
fixed as appropriate along the edges o f symmetry. The bottom o f  the pipe is fixed in all directions. 
Automatic time stepping was used in the analysis which required 170 time steps to solve the 
problem in approximately 47 hours o f CPU time. The problem was started with a ‘k’ factor in the 
A NONLINEAR command of Cosmos/M with a value of 1.0. The program stopped when the 
dent depth reached about 2.0 inches. The problem was restarted after changing the value of ‘k’ 
fi-om 1.0 to 0.5. The program again stopped when the dent depth was equal to 5.0 inches. The 
program did not proceed any further even after changing the ‘k’ factor several times. The program 
was started from the beginning with a ‘k’ factor of 0.5. The program ran successfully after 
changing the value o f ‘k ' twice in the middle o f the run from 0.5 to 1.0 and then back to 0.5. This 
particular problem took 6 days to be completed.
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6.4.3. Comparison of Results
The increasing loads required to dent the pipe is continuously recorded from the MTS load 
cell during the entire denting process in the experiment. The corresponding loads from FEA are 
calculated using the sum o f  gap forces at the closed gaps between the indenter and the pipe at 
different time steps. Figure 6.4.3.1. shows good agreement between the load curves obtained from 
the experiment and FEA until the dent reaches a depth o f 3.5 inches. The load curve obtained from 
the FEA tends to oscillate around the experimental curve after this point. This might be due to the 
fact that the ‘k ’ factor had to be changed several times in the run after this point. The loads 
increase steadily up to 12,000 lbs beyond which the curve starts to flatten indicating that plastic 
hinges which started forming at the center have spread in the pipe under the indenter. Once plastic 
hinges are established, denting will continue without appreciable additional loading.
Figures 6.4.3.2 through 6.4.3.10 show comparison o f strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe in the 
experiment. Strain gages at location #1 and #2 show excellent agreement with FEA strain results. 
Strain gages at this location in the previous experiments recorded lower values than FEA. A slight 
eccentricity can be observed in the comparison of strains between the experiment and FEA at the 
30° and 45°. There is a phase lag between the strain gages placed on opposite sides o f  the 0° line 
from Figures 6.4.3 5, 6.4.3.6. and 6.4.3.7. The phase lag is adjusted for strain #5 and is shown in 
Figure 6.4.3.7a. The peak strains are compared and the difference in indenter displacement 
between the peak strains are adjusted to correct the phase lag as explained in Section 6.0.2. The 
strain comparison improved after the correction. Strain gages at location #6, #17, #7 and #18. at 
90° on either side of the center, also exhibited phase lag due to eccentricit} and is more pronounced 
at this higher angle. The adjustment for phase lag is shown in Figures 6.4.3.8a and 6.4.3.9a. At
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the final stages o f indentation, the circumferential strain shows change from tension to compression 
and the axial strain shows change from compression to tension. This behavior cannot be verified in 
the finite element analysis without changing the boundary conditions at the bottom of the pipe and 
introducing gap elements between the pipe and the supporting beam. The strain gage readings 
from the experiment, located at 2.0 inches near the end plate had low values below yield strain, 
while the FEA predicted slightly higher values because in FEA the strains were averaged over a 
distance o f 6 inches which is the size o f  the element at the end o f the pipe. Since these strains were 
below yield, an accurate comparison is not necessary at this point and a larger mesh is acceptable 
at the end o f the pipe.
Figure 6.4.3.11 and 6.4.3.12 show comparison o f circumferential strain readings fi-om 
experiment and FEA at various dent depths at a distance of 1.0 inch from the indenter around the 
top half circle o f the pipe. The circumferential strains are compressive at the center o f the pipe 
where the first contact was made by the indenter and are in tension, away fi-om the center. The 
change fi-om compression to tension occurs approximately between 15° and 45°. The compressive 
strain value is maximum at 0° and has a value of *25,000 ps while the tensile strains increase 
around the top half circle as the dent progresses and when d/D = 0.75, the maximum value is 
60,000 |iE at 90° obtained from FEA.
Figure 6.4.3.13 and 6.4.3.14 show comparison of axial strain readings (top face) from 
experiment and FEA at various dent depths at a distance of l.O inch from the indenter around the 
top half circle of the pipe. The axial strains are in tension at the center o f  the pipe where the 
indenter first comes in contact with the pipe and then start to go into compression away from the 
center. The transition between compression and tension takes place between 30° and 50°. The 
axial strains at 0° have a  value of less than 10,000 pe when d/D = 0.75. The maximum axial 
strain is at 75° with a  value o f -35.000 pe at d/D = 0.75 obtained from FEA.
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Figure 6.4.3.15 shows the axial strains (top &ce) obtained from FEA under the indenter 
and plotted around the circumference. As the dent progresses, the strains increase around the 
circumference until 75° and beyond that the strains start decreasing. The strain is maximum at 75° 
having a  value o f -500,000 pe at the final denting stage when d/D =  0.75. However, if  the actual 
boundary conditions are duplicated at the bottom o f  the pipe, strain at 90° and beyond might be 
higher than the strains at 75°. In this experiment, denting is carried out beyond the radius o f  the 
pipe causing compressive strain in the circumferential direction at the bottom o f the pipe. The 
axial membrane strain at 75° is as high as -250,000 ps at d/D = 0.75 and the circumferential 
bending strain is 140,000 pc at d/D = 0.5. The circumferential membrane strain is relatively low 
under the indenter a t 0° having a  value o f -10,000 ps from the initial stage o f  indentation, and 
remains constant with further indentation. This is because the deformed shape under the indenter is 
flat and does not change shape with further indentation. The circumferential membrane strain at 
75° has a  value o f 30,000 pe.
Figures 6.4.3.21 to 6.4.3.23 show the variation o f axial strains (top face) along the length 
o f the pipe. As seen from the figures, the membrane strain passed the yield limits, however, much 
o f the strain contribution is due to bending. The strain reaches a  maximum value o f 90,000 pe at 
start o f indentation and there is slight increase in strain up to 120,000 pe with further indentation. 
This is because the pipe material conforms to the shape o f the indenter at the initial stage o f 
indentation and does not change shape in the vicinity o f the indenter with continued indentation. 
Figures 6.4.3.24 to 6.4.3.26 show the variation o f circumferential strains along the length o f the 
pipe. It can be seen that the strains have a maximum value o f 25,000 ps under the indenter and 
gradually reach zero at the end of the pipe. The membrane is in compression having a value of 
-10.000 ps under the indenter and goes to a low tension beyond 3 inches from the indenter 
exhibiting a similar behavior to the 8 inch diameter pipe without end plates.
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Figures 6.4.3.27 to 6.4.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length o f the pipe. The maximum von Mises stress is 60,000 psi 
under the indenter. The membrane reaches a maximum o f 40,000 psi at 75° but is still below yield 
at all points around the circumference. The von Mises stress plot along the length o f  the pipe 
shows that the pipe has yielded along the 0° line up to 11 inches from the center. The von Mises 
membrane stress is below yield stress along the 0° line on the top o f the pipe.
Figures 6.4.3.31 and 6.4.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively.
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Figure 6.4.1.1. 8 inch Diameter. 0.125 inch Thick, Mild Steel Pipe With End Plates Set up on the 
MTS Equipment for Transverse Denting
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V
Figure 6 .4 .1.3. 8 inch Diameter. 0.125 inch Thick. Mild Steel Pipe With End Plates in its Final 
Dented Shape Due to Transverse Indentation at d/D = 0.75 (d - Dent Depth. D - Pipe Diameter)
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Mild Steel Pipe With End Plates
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6.5. Transverse Denting at Quarter Point of 12 inch Diameter, 0.1875 inch Thick, Mild Steel 
Pipe With 0.5 inch Thick, End Plates
6.5.0. The Influence of Boundary Conditions on FEA Results
The finite element model o f a pipe with transverse denting at quarter point was at first 
modeled with end plates at both ends of the pipe. The indenter was modeled as a  curved plate as 
described in the previous test cases. This model resulted in a large number o f  elements and bad 
great convergence diflBculties during the nonlinear analysis. It is worth noting that these FEA 
models have three different types o f nonlinearities, material, geometric and gap nonlinearity. Since 
the loading was performed at quarter point o f the pipe and not at the center, one half the pipe had 
to be modeled instead o f a quarter model as described in the previous cases. Symmetry only 
existed about the longitudinal axis o f the structure. This resulted in a large number o f elements 
almost twice the size as the previous models. The denting process in the model ran up to 0. ID and 
took 10 days to reach that stage. Therefore, the FEA model had to be simplified because the 
computational capacity o f the hardware had been reached. One way to simplify the problem was 
to reduce the number of elements between 90° and 180° around the circumference. Even after this 
simplification, the size o f the structural stiffiiess matrix was too large for convergence. Therefore, 
the far end plate was removed. Instead o f modeling the far end plate, the displacements and the 
rotations were fixed for all the nodes around the circumference at that end. This reduced the size 
o f the stiffiiess matrix, and the model started converging and ran at a faster rate.
The removal of the end plate provided an opportunity' to study the effect o f  boundary 
conditions on the strcss-strain behavior o f a dented pipe using FEA. even though this boundary 
condition was 4 diameters away from the indentation. The axial strains in the pipe, obtained
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experimentally from strain gages located on the side o f the pipe where the ends were fixed, were 
not in good agreement with the strains obtained from FEA. However fixity at the 6 r  end did not 
affect the circumferential strains. The axial strains on the other side of the indenter, closer to the 
end plate, were also not affected by the fixity condition at the frr end. The axial strain readings on 
the strain gages located on the side o f indentation closer to the end plate are compared with FEA 
results in Figures 6.5.3.2. to 6.5.3.13. The load curve obtained from FEA in Figure 6.5.3.1. 
shows a  considerable increase in the total energy absorption compared to the experimental data 
because of a complete fixity condition at the far end instead o f the 0.5 inch thick end plate. This 
indicates that if a considerably thicker plate is used at the ends o f the pipe, the energy absorption 
will be higher, since both the plate and the pipe will show plastic behavior.
6.5.1. Experiment
A 12 inch diameter, 0.1875 inch thick, mild steel pipe with 0.5 inch thick, end plates was 
dented in the transverse mode at quarter point using the MTS equipment. The pipe was supported 
on the MTS as explained in the previous sections and is shown in Figure 6,5.1.1. The pipe was 
welded to 0.5 inch thick, 13 inch square steel plates on both ends. The weld size was chosen such 
as to achieve full penetration. The indenter was placed at the crown of the pipe and the load was 
applied in a transverse mode (perpendicular to the longitudinal axis of the pipe) at quarter point. 
The strain gages were installed a t different locations on the pipe as shown in Figure 6.5.1.2, on 
both sides o f the indenter at a distance o f 1 inch from the indenter. Axial strain gages were also 
installed at different locations between the indenter and the closer end plate as shown in the strain 
gage layout. Strain gages were also installed at the 135° in the circumferential direction. Strain 
gage at location #2. #2 and #8 were damaged while loading the pipe on the MTS equipment. There
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was some eccentricity developed in the loading because o f the difficulty associated with the 
positioning o f  the pipe for quarter point loading. This affected some of the strain gage readings 
around the circumference which will be explained in Section 6.5.3. The indenter movement was 
controlled using the displacement mode o f the MTS at a  rate o f  0.0005 inch/sec. The indentation 
was performed up to a  d/D ratio o f  0.5, i.e., until the indenter reached a depth equal to the radius of 
the pipe. The pipe in the final dented stage is shown in Figure 6.5.1.3.
6.5.2. Finite Element Analysis
The finite element model o f  a 12 inch diameter, 0.1875 inch thick, pipe with 0.5 inch thick 
end plates is shown in Figure 6.5.2.1. The mesh consists o f 3641 elements and 3683 nodes, the 
mesh elements having a uniform thickness-width-length ratio o f  1:1:1 where the indenter comes in 
contact with the pipe. This element aspect ratio is maintained constant in the circumferential 
direction up to 90° because the indentation is in transverse loading mode. The end plate closer to 
the indenter was modeled using 198 shell elements each having a thickness o f 0.5 inch. Utilizing 
the symmetry o f  the structure, about the longitudinal axis, only one half o f the pipe, indenter and 
end plate are modeled in the finite element analysis.
The indenter was modeled as a fiat plate with a width equal to the radius o f the indenter as 
shown in Figure 6.5.2.2. This simplification allowed for gap convergence, but the results obtained 
from FEA directly under the indenter cannot be considered to represent the actual contact 
simulation exactly. FEA models with severe nonlinearities such as the denting analysis, have to be 
occasionally simplified with such reasonable assumptions. The time-dispiacement curve and the 
stress-strain characteristics, given as input to the FEA run are shown and discussed in Chapter 5. 
The pipe was used as the target and the indenter was used as the contactor in defining the gap
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surfaces and elements. This was reversed after several unsuccessful runs resulting in diverging 
gaps. Soft (E = 10x10^ psi) and thin (A = 0.1 sq. in.) truss elements are attached to the top of the 
indenter to prevent rigid body motion as explained in Chapter S. The mesh element size was 
increased both in the circumferential and axial directions. The boundary conditions o f  the pipe are 
shown in Figure 6.5.2.3. The slope and the displacement are fixed as appropriate along the edges 
o f symmetry. The bottom o f  the pipe is fixed in all directions. The far end o f the pipe fi-om the 
indenter is fixed in all directions instead o f modeling the end plate. The effect o f  this assumption is 
discussed in Section 6.5.0. Automatic time stepping was used in the analysis which required 99 
time steps to solve up to d/D = 0.375 in approximately 27 hours of CPU time. The program 
stopped when a dent depth ratio, d/D = 0.375 was reached and did not proceed any further even 
after changing the stiffiiess &ctor ‘k’ as in the previous FEA runs. The program took 6 days to 
run up to d/D =  0.375. The session file used in the analysis o f the problem is included in Appendix 
E.
6.5.3. Comparison of Results
The increasing loads required to dent the pipe are continuously recorded fi’om the MTS 
load cell during the entire denting process in the experiment. The corresponding loads from FEA 
are calculated using the sum o f gap forces at the closed gaps between the indenter and the pipe at 
different time steps. As seen from Figure 6.5.3.1., the FEA load curve over predicts the load curve 
obtained from the experiment by more than 50% at d/D = 0.375. This difference is due to the 
fixity conditions of the model at the far end of the pipe. The effects of modeling the boundary 
conditions was discussed in Section 6.5.0. The FE.\ load curve also shows oscillations at the final 
stages o f the curve, indicating the difficulty in convergence. This type of oscillations in the load
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curve were also observed in the 8 inch diameter pipe with end plates and central transverse loading 
due to the same type o f  convergence difficulty. The loads from the experimental curve increase 
steadily up to 25000 lbs beyond which the curve starts to flatten indicating that the plastic hinges 
which started forming at the center have spread throughout the pipe under the indenter and at a 
horizontal region in the 0.5 inch thick end plate. Once plastic hinge lines are established denting 
will continue without appreciable additional loading.
Figures 6.5.3.2 through 6.5.3.13 show comparison of strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Most o f 
the circumferential strains are in good agreement with FEA results. The axial strain obtained from 
FEA, on the elements located at 1.0 inch away from the indenter towards the far end are not in 
good comparison with the corresponding strain gages. The assumption in fixing the displacements 
at the far end o f the pipe instead o f  modeling the plate affected the axial strains on that side o f the 
pipe. Therefore to represent the actual scenario, the end plate on the frir end has also to be modeled 
which would not allow for a converging FE run as discussed earlier. The FEA axial strains closer 
to the end plate are in better agreement with the experimental values than the strains on the other 
side. Eccentricity in loading can be observed in strain gage readings #4 and #14 in Figure
6.5.3.4., located at ±  45° on the circumference and an inch away from the indenter closer to the end 
plate. Strain values at this location predicted by FEA were considerably lower beyond 3.0 inches 
of indentation because o f the approximate modeling o f the indenter.
Figure 6.5.3.14 shows comparison of axial strain readings (top face) from experiment and 
FEA at various dent depths several points on the top axis from the indenter to the closer end plate. 
Except for the strains at 1.0 inch from the indenter, the other FEA strains are in close agreement 
with the experiment. The FEA strain results at l.O inch might have been affected by the 
approximate modeling o f the indenter. The strains reach a value of -75,000 pe (top face) under the
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indenter and remain constant with further indentation because the pipe does not change shape with 
further indentation at that point. The strains reach below yield values beyond 3 to 5 inches from 
the indenter towards the closer o f  the two end plates.
Figure 6.5.3.15 to 6.5.3.17 shows the axial strains obtained fr'om FEA under the indenter 
and plotted around the circumference. The opposite nature o f the top and bottom face shows that 
the strains are mosdy due to bending than due to membrane. As the dent progresses, the strains 
increase around the circumference until 60° and the strains start decreasing for larger angles. The 
strain is maximum at 60° having a  value of -275,000 ps when d/D = 0.33, because the edge of the 
indenter is in contact with the pipe at that point. The axial membrane strain at 60° is as high as -
90.000 pE and the circumferential strain in the bottom face is 100,000 ps. The circumferential 
strains obtained from FEA are plotted around the circumference in Figures 6.5.3.18 to 6.5.3.20. 
The circumferential membrane strain is relatively low under the indenter, the strain at 0° is -
12.000 ps starting from the initial stage of indentation, the membrane reaches a strain o f -12,000 
p£ and remains constant with further indentation. This is because the deformed shape under the 
indenter is flat and does not change shape with further indentation.
Figures 6.5.3.21 to 6.5.3.23 show the variation of axial strains along the length of the 
pipe. As seen in the figures, the membrane strain passed the yielding limits under the indenter, 
however, much o f the strain contribution is due to bending. The bending strain reaches a 
maximum value o f 75,000 ps under the indenter at start of indentation and there is a  slight 
increase in strain to 78,000 pe with further indentation. This is because the pipe material conforms 
to the shape o f the indenter at the initial stage o f indentation and does not change shape in the 
vicinity o f the indenter with continued indentation. The membrane strain is high at the far end o f 
the pipe where the boundary conditions were fixed instead of having an end plate model. Strain 
gages were placed at 1.0. 7.5 and 13 inches from the indenter in the direction o f the closer end
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plate. These strains have been compared to FEA strains in Figure 6.5.3.14. Figures 6.5.3.24 to 
6.5.3.26 show the variation o f  circumferential strains along the length o f the pipe. It can be seen 
that the strains have a  maximum value o f 27,500 ps under the indenter and gradually reach zero at 
the ends o f the pipe. The strains in the top face show compression from the indenter to the near 
end plate and tension from the indenter to the 6 r  end. The bottom shows the reverse o f this 
behavior indicating most o f the circumferential strains along the length are due to bending. The 
membrane strain is in compression having a value o f -12,000 pe under the indenter and goes to a 
low tension beyond 5 inches from the indenter on both sides exhibiting a similar behavior as the 
pipe with end plates loaded at center.
Figures 6.5.3.27 to 6.5.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length o f the pipe. The maximum von Mises stress is slightly less 
than 70,000 psi under the indenter. The von Mises membrane stress is high when d/D = 0.25, at 
60° under the indenter having a value o f 45,000 psi which is above yield. The von Mises stress 
plot along the length indicates that the pipe has yielded up to 10 inches from the indenter on the 
side closer to the end plate and along the entire length on the other end. The von Mises membrane 
stress along the top axial 0° line is above yield stress at the far end where the displacements were 
fixed in all directions.
Figures 6.5.3.31 and 6.5.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displaced shape of the 
pipe from FEA is shown in Figure 6.5.3.33. No precise experimental displacement measurements 
were made in the pipe other than the indenter movement in this experiment.
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Figure 6.5.1.1. 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe With End Plates Set up on 
the MTS Equipment for Transverse Denting at Quarter Point
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Figure 6.5.1.2. Schematic of Strain Gage Layout for Transverse Indentation at Quarter Point on a 
12 inch Diameter, 0.1875 inch Thick. Mild Steel Pipe With End Plates
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a
Figure 6.5.1.3. 12 inch Diameter. 0.1875 inch Thick, Mild Steel Pipe With Endplates in its Final 
Dented Shape Due to Transverse Indentation at Quarter Point when d/D = 0.5 (d - Dent Depth. D 
Pipe Diameter)
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Figure 6.5.2.1. Finite Element Mesh o f the Indenter and the 12 inch Diameter. 0.1875 inch Thick,2 inite l t
Pipe With End Plates
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I N D E N T E R
Figure 6.5.2.2. Finite Element Mesh Showing a Flat Plate Model of Indenter and a 12 inch 
Diameter. 0.1875 inch Thick, Mild Steel Pipe With End Plates for Transverse Indentation at 
Quarter Point
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Figure 6.5.2.3. Boundary Conditions on the Three Edges of Symmetiy’ and at the Ends o f  the Pipe 
Given in the Finite Element Model o f a 12 inch Diameter. 0.1875 inch Thick, Mild Steel Pipe With 
End Plates for Transverse Indentation at Quarter Point.
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Indentation at Quarter Point of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe With End Plates
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6.6. Transverse Denting at Quarter Point of 8 inch Diameter, 0.125 inch Thick, Mild Steel 
Pipe With 0.5 inch Thick, End Plates
6.6.0. The Influence of Boundary Conditions on FEA Results
The end plate in the far end was not modeled in the case of the 8 inch diameter pipe. 
Instead all the nodes around the circumference were fixed in all displacements and rotations. This 
reduced the size of the stifihess matrix, and the model started converging and ran at a faster rate. 
This boundary condition was 3.375 diameters away fi’om the indentation. The axial strains in the 
pipe, obtained experimentally fi-om strain gages located on both sides o f indentation were not in 
good agreement with the strains obtained from FEA. In the 12 inch diameter pipe, fixity at the fer 
end only affected that side of the pipe. The load curve obtained from FEA in Figure 6.6.3.1. 
shows a considerable increase in the total energy absorption compared to the experimental data 
because of complete fixity condition at the far end instead of the 0.5 inch thick end plate.
6.6.1. Experiment
A 8 inch diameter, 0.125 inch thick, mild steel pipe with 0.5 inch thick, end plates was 
dented in the transverse mode at quarter point using the MTS equipment. The pipe was supported 
on the MTS as explained in the previous sections. The pipe was welded to 0.5 inch thick. 9 inch 
square steel plates on both ends. The weld size was chosen such as to achieve full penetration. 
The indenter was placed at the crown of the pipe and the load was applied in a transverse mode 
(perpendicular to the longitudinal axis of the pipe) at quarter point. The strain gages were installed 
at different locations on the pipe as shown in Figure 6.6.1.1. on both sides of the indenter at a
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distance o f 1 inch from the indenter. Axial strain gages were also installed at different locations 
between the indenter and the closer end plate as shown in the strain gage layout. Strain gages were 
also installed at the 135° in the circumferential direction. There was some eccentricity developed in 
the loading because of the difiBculty associated in positioning the pipe on the MTS for quarter point 
loading. This affected some o f the strain gage readings around the circumference which will be 
explained in Section 6.6.3. The indenter movement was controlled using the displacement mode of 
the MTS at a rate of 0.0005 inch/sec. The indentation was performed up to a d/D ratio o f 0.75, 
i .e., until the indenter reached a depth more than the radius o f the pipe.
6.6.2. Finite Element Analysis
The finite element model of a 8 inch diameter, 0.125 inch thick, pipe with 0.5 inch thick 
end plates was developed using Cosmos/M. The mesh consists of 2651 elements and 2663 nodes, 
the mesh elements having a uniform thickness-width-length ratio of 1:1:1 where the indenter comes 
in contact with the pipe. This element aspect ratio is maintained constant in the circumferential 
direction up to 90° because the indentation is in transverse loading mode. The end plate closer to 
the indenter was modeled using 198 shell elements each having a thickness of 0.5 inch. At the far 
end. the end plate was not modeled, instead complete fixity was specified. This was done to 
simplify- the model and improve the convergence and the modeling effects on the results were 
explained in Section 6.6.0. Utilizing the symmetry of the structure, about the longitudinal axis, 
only one half of the pipe, indenter and end plate are modeled in the finite element analysis.
The indenter was modeled as a flat plate with a width equal to the radius of the indenter as 
explained in Section 6.5.2 for the 12 inch diameter pipe model. This simplification allowed for gap 
convergence, but the results obtained from FEA directly under the indenter cannot be considered to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
283
represent the actual contact simulation exactly. FEA models with severe nonlinearities such as the 
denting analysis, have to be occasionally simplified with such reasonable assumptions. The time- 
displacement curve and the stress-strain characteristics, given as input to the FEA run are shown 
and discussed in Chapter 5. The pipe was used as the target and the indenter was used as the 
contactor in defining the gap sur&ces and elements. This was reversed after several unsuccessful 
runs resulting in diverging gaps. Soft (E = 10x10  ̂psi) and thin (A = 0.1 sq. in.) truss elements are 
attached to the top o f the indenter to prevent rigid body motion as explained in Chapter 5. The 
mesh element size was increased both in the circumferential and axial directions. The boundary 
conditions of the pipe are similar to the 12 inch diameter pipe in the previous section. The slope 
and the displacement are fixed as appropriate along the edges of symmetry. The bottom of the pipe 
is fixed in all directions. The far end o f the pipe from the indenter is fixed in all directions instead 
of modeling the end plate. The effect o f this assumption is discussed in Section 6.6.0. Automatic 
time stepping was used in the analysis which required 126 time steps to solve up to a dent depth 
ratio o f d/D = 0.480 in approximately 35 hours of CPU time. The program stopped when d/D = 
0.48 and did not proceed any further even after changing the stiffiiess factor ‘k' as in the previous 
FEA runs. The program took 6 days to run up to d/D = 0.48.
6.6.3. Comparison of Results
The increasing loads required to dent the pipe are continuously recorded from the MTS 
load cell during the entire denting process in the experiment. The corresponding loads from FEA 
are calculated using the sum of gap forces at the closed gaps between the indenter and the pipe at 
different time steps. As seen from Figure 6.6.3.1.. the FEA load curve over predicts the load curve 
obtained from the experiment by more than 50% at d/D = 0.48. This difference is due to the fixity
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conditions o f the model at the 6 r  end o f the pipe. The effects o f modeling the boundary conditions 
was discussed in Section 6.6.0. The FEA load curve also shows oscillations at the final stages of 
the curve, indicating the difSculty in convergence. This type of oscillations in the load curve were 
also observed in the 8 inch diameter pipe with end plates and central transverse loading due to the 
same type of convergence difGculty. The loads from the experimental curve increase steadily up to 
13000 lbs beyond which the curve starts to flatten indicating that the plastic hinges which started 
forming at the center have spread throughout the pipe under the indenter and at a horizontal region 
in the 0.5 inch thick end plate. Once plastic hinge lines are established denting will continue 
without appreciable additional loading.
Figures 6.6.3.2 through 6.6.3.13 show comparison of strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Most of 
the circumferential strains are in good agreement with FEA results. The axial strain obtained fi'om 
FEA, on the elements located at 1.0 inch away fi’om the indenter towards the far end are not in 
good comparison with the corresponding strain gages. The assumption in fixing the displacements 
at the far end of the pipe instead of modeling the end plate affected the axial strains on that side of 
the pipe. Therefore to represent the actual scenario, the end plate on the far end has also to be 
modeled which would not allow for a converging FE run as discussed earlier. The FEA axial 
strains closer to the end plate are also over predicted than the experimental values and the FEA 
strain values at locations closer to the indentation start to go compressive while the experimental 
strain gage readings remain tensile. Eccentricity in loading can be observed in strain gage 
readings #4 and #14 in Figure 6.6.3.4., located at ± 45° on the circumference and an inch away 
from the indenter closer to the end plate. Strain values at this location predicted by FEA were 
considerably lower beyond 2.5 inches of indentation because of the approximate modeling o f the 
indenter.
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Figure 6.6.3.14 shows comparison of axial strain readings (top fiice) from experiment and 
FEA at various dent depths several points on the top axis from the indenter to the closer end plate. 
Even though these strains are located on the side, where the end plate was modeled, FEA still is not 
in agreement with experimental values because of the approximation in the boundary conditions at 
the far end. The strains reach a value of -69,000 pe (top 6ce) under the indenter and remain 
constant with further indentation because the pipe does not change shape with further indentation at 
that point. The strains reach below yield values beyond 3 inches from the indenter towards the 
closer of the two end plates.
Figure 6.6.3.15 to 6.6.3.17 shows the axial strains obtained from FEA under the indenter 
and plotted around the circumference. The opposite nature of the top and bottom face shows that 
the strains are mostly due to bending than due to membrane. As the dent progresses, the strains 
increase around the circumference until 75° and the strains start decreasing for larger angles. The 
strain (top face) is maximum at 75° having a value of -250,000 pe when d/D = 0.48, because the 
edge of the indenter is in contact with the pipe at that point. The axial membrane strain at 75° is as 
high as -135,000 pe at d/D = 0.48 and the circumferential strain in the bottom face is -150,000 ps 
at d/D = 0.375. The circumferential strains obtained from FEA are plotted around the 
circumference in Figures 6.6.3.18 to 6.6.3.20. The circumferential membrane strain is relatively 
low under the indenter. The strain at 0° is -12,000 pe starting from the initial stage of indentation, 
the membrane reaches a strain of -12.000 pe and remains constant with further indentation. This is 
because the deformed shape under the indenter is flat and does not change shape with further 
indentation.
Figures 6.6.3.21 to 6.6.3.23 show the variation of axial strains along the length of the 
pipe. As seen in the figures, the membrane strain passed the yielding limits under the indenter. 
however, much of the strain contribution is due to bending. The bending strain reaches a
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maximum value of 68,000 ps under the indenter at start of indentation and there is a slight 
increase in strain to 70,000 ps with further indentation. This is because the pipe material conforms 
to the shape of the indenter at the initial stage o f indentation and does not change shape in the 
vicinity of the indenter with continued indentation. The membrane strain is high at the 6r  end of 
the pipe where the boundary conditions were fixed instead of having an end plate model. Strain 
gages were placed at 1.0, 4.5 and 7 inches from the indenter in the direction of the closer end plate 
and these strains have been compared to FEA strains in Figure 6.6.3.14. Figures 6.6.3.24 to 
6.6.3.26 show the variation of circumferential strains along the length of the pipe. It can be seen 
that the strains have a maximum value of 33,000 ps under the indenter and gradually reach zero at 
the ends of the pipe. The strains in the top free show compression from the indenter to the near 
end plate and tension from the indenter to the far end. The bottom shows the reverse of this 
behavior indicating most of the circumferential strains along the length are due to bending. The 
membrane strain is in compression having a value of -13,000 ps under the indenter and goes to a 
low tension beyond 3 inches from the indenter on both sides exhibiting a similar behavior as the 
pipe with end plates loaded at center.
Figures 6.6.3.27 to 6.6.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length of the pipe. The maximum von Mises stress is slightly less 
than 60,000 psi under the indenter. The von Mises membrane stress is high when d/D = 0.25, at 
60° under the indenter having a value of 50,000 psi which is above yield. The von Mises stress 
plot along the length indicates that the pipe has yielded up to 6 inches from the indenter on the side 
closer to the end plate and along the entire length on the other end. The von Mises membrane 
stress along the top axial 0° line is above yield stress at the far end where the displacements were 
fixed in all directions.
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Figures 6.6.3.31 and 6.6.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displaced shape o f  the 
pipe from FEA is similar to the 12 inch diameter pipe. No precise experimental displacement 
measurements were made in the pipe other than the indenter movement in this experiment.
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 ê - : - Q = d--
#9 #11 : ! #I ^12 ^10
■ —I — - '  *
  :#2 '   -
0.75" • ; ; 0.75"
#5 : : #3 #4
9.0"
,135"
•90°
:45"
#19 ^20 ^22
0°
4.5"
............................. ............................... ------------------------- C 3 -
#21
.........................- B - i - B - .......
.................................i ' - T - 0 - .....
End Plate /\ \
\ Indenter
Location
-45"
-90°
'-135"
G age Layout Legend:
 ̂ Axial
Layout 
IJ C ircum ferential Layout
Circumferential
Axial
Figure 6.6.1.1. Schematic o f Strain Gage Layout for Transverse Indentation at Quarter Point on a 
8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CDTD
O
Q .
C
s
Q .
"O
CD
C/)W
o '3
O
5
CD
8
CD
3.
3"
CD
CD■o
O
Q .C
a
o
3
■D
O
CD
Q .
■D
CD
5000.00 T
Indenter Displacement (inches)
a m
- 6.00 -5.00 -4.00 -3.00 - 2.00 - 1.00
Laboratory’ Experiment 100.00 -
Finite Element Analysis
-10000.00 C/1
-15000.00 -
- 20000.00
-25000.00 -L
Figure 6 .6.3.1 a. Experimental Load Versus Indenter Displacement Curves Due to the Transverse Indentation at Quarter Point 
o f 8 inch Diameter, 0.125 inch Tliick, Mild Steel Pipe With End Plates
C / )
C / ) Figure 6 .6.3.1 b. Finite Element Load Versus Indenter Di splacment Curve Due to the Transverse Indentation at Quarter Point
of 8 inch Diameter, 0 .125 inch Thick, Mild Steel Pipe with End Plate Near the Indenter and Complete Fixity at the Far End
N>00
7J
CD■D
OQ.
C
8Q.
■D
CD
(/)(/)
CD
8
3
CD
P-
3"
CD
3■o
OQ.
C
a
o
3
■o
o
&
5.00E-03 T
Indenter Displacement (inches)
- 6.00 -5.00 -4.00 -3.00 - 2.00 - 1.00 1.00
-5.00E-I
Strain /II, Laboratory Experiment
Strain //I, Finite Element Analysis -1.00]
•2.00E-02 --
-2.50E-02 --
-3.00E-02 J-
"8
c/>wo'3
Figure 6.6,3.2. Circumferential Strain (Top Face) at Zero Degrees and 1.0 inch Away From Indenter (Strain Gage Location
If I ,  Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch
Diameter, 0.125 inch Tliick, Mild Steel Pipe With End Plates
7)
CD■D
OÛ.
C
8
Q .
■D
CD
C/)
C/)
8
cq'
3"
3
CD
CD■O
I
Ca
o
3
■O
O
&
4.00E-02 T
3.00E-02
 Strain #3, Laboratory Experiment
 Strain #15, Laboratory Experiment
-A— Strain #3, Finite Element Analysis 2.00E-02 -
l.OOE-02
indenter Displacement (inches) c/i
3-.00- 6.00 -5.00 - 2.00 - 1.00 .00
-I.OOE-02 -
-2.00E-02
■8
(/)
o'
3
Figure 6.6.3.3. Circumferential Strain (Top Face) at 45 Degrees and 1.0 inch Away From Indenter (Strain Gage Location
#3, Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch
Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
N>VO
CD■O
O
Q .
C
g
Q .
"O
CD
C/)W
o"3
O
5
CD
8
(D
33"
(D
(D
T 3
O
Q .
Ca
o3
T3
O
(D
Q .
2.00E-02 T
1.50E-02 -■
l.OOE-02 -
5.00E-03 -
Indenter Displacement (inches)
c/l
- 6.00 -5.00 -4.00 -3.00 - 2.00 .00
-5.00E-03 --
 Strain *14, Laboratorj' Experiment
 Strain #14, Laboratory’ Experiment
^ —  Strain #4, Finite Element Analysis
-l.OOE-02
-I.50E-02
T3
CD
C / )
C / )
Figure 6.6.3.4. Axial Strain (Top Face) at 45 Degrees and 1.0 inch Away From Indenter (Strain Gage Location #4, Closer to
End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f  8 inch Diameter, 0.125 inch
Thick, Mild Steel Pipe With End Plates
S
CD■D
O
Q .
C
g
Q .
■D
CD
C/)
C/)
8
ci'
3.
3"
CD
"O
OÛ.
C
a
o3
"O
o
CD
Q .
.OOE-03 T
Indenter Displacement (inches)
— } — 
-5.00- 6.00 -4.00 -3.00 - 2.00 1.00
-l.OOE-03 --
 Strain #6, Laboratory Experiment
• • • ■ Strain # 18, Laboratory Experiment 
— Strain #6, Finite Element Analysis
-2.00E-03
-3.00E-03 --
-4.00E-03
-5.00E-03 -
-6.00E-03 J-
oc
T 3
CD
(/)
o'3
Figure 6.6.3.5. Circumferential Strain (Top Face) at 135 Degrees and 1.0 inch Away From Indenter (Strain Gage Location
H6, Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f  8 inch
Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
73
CD■O
O
Q .
C
3
Q .
■O
CD
C/)(g
O
=3
=T
CD
8
ë'
3
CD
C
3.
3"
CD
CD■O
OÛ.
C
a
o
3
■O
O
CD
Q .
O
C
■o
CD
(/)(/)
9.00E-02 T
 Strain #7, Laboratory Experiment
 Straiti #16, Laboratory Experiment
■A—  Strain #7, Finite Element Analysis
8.00E-02 -
7.00E-02 --
6.00E-02
5.00E-02
4.00E -02 -
3.00E-02 -
2.00E-02 --
LOOE-02
-5.00- 6.00 - 2.00-4.00 -3.00 1.00
-l.OOE-02
Indenter Displacement (inches)
Figure 6.6.3.6. Circumferential Strain (Top Face) at 90 Degrees and 1.0 inch Away From indenter (Strain Gage Location
#7, Away from End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch
Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
NJ
CD■D
O
Q .
C
S
Q .
■D
CD
C/)
en
o "3
O
8
(D
33"
(D
CD
T 3
O
Q .
Ca
o3
T3
O
CD
Q .
6.00E-02 T
 Strain Hi, Laboratory' Experiment
• • • • Strain U17, Laboratory Experiment 
—  Strain #8, Finite Element Analysis
5.00E-02 --
4.00E-02 --
3.00E-02 -
2.00E-02 -
l.OOE-02 -
- 6.00 -5.00
Indenter Displacement (inches)
-4.00 -3.00 - 2.00 -LOO 1.00
-l.OOE-02 -L
T3
CD
cn
cn
Figure 6.6.3.?. Circumferential Strain (Top Face) at 90 Degrees and 1.0 inch Away From Indenter (Strain Gage Location
H i ,  Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch
Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
g
■o
I
I
■g
c/)CO
o '3
8
( S '
3
CD
C
p.
3"
CD
CD■D
O
Q .C
a
o
3
■o
o
CD
Q .
1.20E-02 T
.OOE-02 -
Strain #10, Laboratory Experiment
Strain #10, Finite Element Analysis
.GOE-03 --
2.00lE-(
Indenter D isplacem ent (inches) 
-5 00- 6.00 -4.00 -3.00 - 2.00 - 1.00 1.00
-2.00E-03 -L
T3
CD
(/)(/)
Figure 6 6.3.8. Axial Strain (Top Face) at Zero Degrees and 1.75 inches Away From Indenter (Strain Gage Location #10,
Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter,
0.125 inch Tliick, Mild Steel Pipe With End Plates
ON
7]
CD■O
O
Q .
C
g
Q .
■D
CD
C/)
o"3
O
8
ci'
33"
CD
CD
T3
O
Q .
Ca
o3
T3
O
CD
Q .
1.40E-02 T Strain #12, Laboratory' Experiment
Strain #12, Finite Element Analysis
I.20E-02
6.00E-I
4.00E
2,00E-A3\ -
Indenter Displacement (inches)
— 1-— 
-4,00- 6,00 -5,00 -3.00 - 2.00 - 1,00 1,00
-2 00E-03 J-
T 3
CD
(/)
C/)
Figure 6,6.3.9. Axial Strain (Top Face) at Zero Degrees and 1.0 inch Away From Indenter (Strain Gage Location #12,
Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f  8 inch Diameter,
0,125 inch Tliick, Mild Steel Pipe With End Plates
w
VO
C D■D
O
Q .
C
g
Q .
■D
CD
C/)O)
o"3
O
8
ë'
3
3"
CD
CD■D
O
Q .
C
a
O
3
■D
O
CD
Q .
4.50E-03 T
4,00E-03 "
Strain #19, Laboratory Experiment
3.50E-03
Strain #19, Finite Element Analysis
3.00E-03 -
2.50E-03
2.00E-03 -
.50E-03
Indenter Displacement (inches)
I.—  
-6.00 -3.00 -2.00-5.00 -4.00 -1.00 1.00
-5.00E-04
T3
CD
(/)(/) Figure 6.6.3.10. Axial Strain (Top Face) at Zero Degrees and 4.5 inches Away From Indenter (Strain Gage Location #19,
Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter,
0.125 inch Thick, Mild Steel Pipe With End Plates
NJ
VO00
C D■D
O
Q .
C
g
Q .
■D
CD
C/)
o"3
O
8
(O '
3.
3"
CD
CD■D
O
Q .
C
a
O
3
■D
O
CD
Q .
2.00E-03 T
Indenter Displacement (inches)
-6.00 -4.00 -3.00-5.00 -2.00 -100 1.00
iE-03
-4.00E-03
Strain #20, Laborator>’ Experiment
Strain #20, Finite Element Analysis -8.00E-03 --
-l.OOE-02 -
-1.20E-02 -
-I .40E-02 -
-I .60E-02 J-
T3
CD
C/)(/)
Figure 6.6.3.11. Circumferential Strain (Top Face) at Zero Degrees and 4.5 inches Away From Indenter (Strain Gage
Location #20, Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f  8
inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
VO
73
C D■D
O
Q .
C
g
Q .
■D
CD
C/)
C/)
8
ci'
a
3"
CD
CD■D
O
Q .
C
a
O3
"O
O
CD
Q .
I.50E-03 T
l.OOE-03 -■
5.00E-04 -
- 6.00 -5.00
Indenter Displacement (inches)
-4.00 -3.00 - 2,00 -1.00 1.00
-l.OOE-03
 Strain #23, Laborator>' Experiment
 Strain #21, Laboratory Experiment
•A— Strain #21, Finite Element Analysis
-I.50E-03 J-
T 3(D
(/)
C /)
Figure 6.6.3.12. Axial Strain (Top Face) at 45 Degrees and 7.0 inches Away From Indenter (Strain Gage Location #21,
Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter,
0.125 inch 'Hiick, Mild Steel Pipe With End Plates
CD"O
O
Q .
C
g
Q .
"O
CD
C/)
C/)
CD
8
i3
CD
33"
CD
CD
T 3
O
Q .
Ca
o3
T 3
O
CD
Q .
7.00E-03 T
6.00E-03 -
5.00E-03 --
4.00E-03 --Strain #22, Laboratory Experiment
Strain #22, Finite Element Analysis
3.00E-03 ■
2.00E-03 --
.OOE-03 --Indenter Displacement (inches)
— )—  
-4,00-5 00- 6.00 -3.00 - 2.00 -I.GO 1,00
-I.OOE-03
T 3
CD
C / )
C / )
Figure 6.6.3.13. Axial Strain (Top Face) at Zero Degrees and 7.0 inches Away From Indenter (Strain Gage Location #22,
Closer to End Plate) Versus Indenter Displacement Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter,
0.125 inch Tlhck, Mild Steel Pipe With End Plates
wo
CD"O
O
Q .
C
8
Q .
■D
CD
C/)
C/)
8
ë'
3.
3"
CD
CD■D
O
Q .
C
a
O3
"O
O
CD
Q .
■D
CD
C / )
C / )
2.00E-02
OOE-02
O.OOE+00
-l.OOE-02
-2.00E-02
.5
2
(55 -300E-02
-4.0ÛE-02
-5.00E-02
-600E-02
7 00E-02
Distance (Inches)
4,00 5.00 6.00 7.00 8.00 9.00
d/D=0.125, Finite Element Analysis 
d/D=0.125, Laboratory Experiment 
d/D=0.250, Finite Element Analysis 
d/D=0.250, Laboratory Experiment 
•d/D=0.375, Finite Element Analysis 
d/D=0.375, Laboratory Experiment 
■ d/D=0.480, Finite Element Analysis 
d/D=0.480, Laboratory Experiment
d - Indenter Displacement 
D - Pipe Diameter
Figure 6.6.3.14. Axial Strain Gage Readings and Finite Element Analysis Results (Top Face) at Various Dent Depths Plotted Along the
Longitudinal Axis o f the Pipe from the Indenter to the End Plate Due to Longitudinal Indentation of 8 inch Diameter, 0 .125 inch Thick, M
Steel Pipe at Quarter Point With End Plates
C D■D
O
Q .
C
g
Q .
■D
CD
C/)
o"3
O
8
(§■
i
3.
3"
CD
CD"O
O
Q .
C
g
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
5.fl0E-02
Angle (Degrees)
OOOE+00 — m ---------tfr“ -------- Ml---------------------------------- )
80.0(/ 100.00 120.00 140.00 160.00 180.0020.00 40.' 60.'
-#— d/D = 0.125-5.00E-02
♦  -  d/D = 0.250
-l.OOE-01
d/D = 0.375
I
c/5
— • d/D = 0.480-1.50E-01
d - Indenter Displacement 
D - Pipe Diameter-2.00E-01
-2.50E-01
Figure 6.6.3.15. Axial Strain Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at
Quarter Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
U)ow
73
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
5
CD
8
3.
3"
CD
CD■D
O
Û .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
I 40E-01 d/D = 0.125
I.20E-01 d/D = 0.250
d/D = 0.375l.OOE-01
- d/D = 0.4808Ü0E-02
d - Indenter Displacement 
D - Pipe Diameter6.00E-02
c
S 4.00E-0200
200E-02
Angle (Degrees)
^ -----}. •  ^  L  —« t ■ -  ■ HU- ■) M------M—I
,0.00 ^80.00. j - ' l ô a o o  120.00 140.00 160.00 180.00
O.OOE+00
20.00 40.01
-2.00E-02
-4.00E-02
-6.00E-02
Figure 6.6.3.16. Axial Strain Results (Bottom Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at Quarter
Point of 8 inch Diameter, 0 .125 inch Tliick, Mild Steel Pipe With End Plates
2
CD"O
O
Q .
C
g
Q .
"O
CD
C/)W
o"3
O
3
CD
8
ci'
O
3.
3"
CD
CD■D
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
2.00E-02
Angle (Degrees)
"A" -M— I-M---- M—H
80.06/ 100.00 120.00 140.00 160.00 180.00
O.OOE+00
20' 60.0040.00
-2.00E-02
♦ — d/D = O.I25
-4.00E-02
^  -  d/D = 0.250
g  -6.00E-02 
(% d/D = 0.375
- M - - d /D  = 0.480
d - Indenter Displacement 
D - Pipe Diameter-!.0()E-()i
-l.20E-()l
-I.40E-01
Figure 6.6.3.17. Axial Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at
Quarter Point of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
■ o
o
Q .
C
8
Q .
■O
CD
8
c5'
3
i3
CD
p.
3"
CD
CD
■D
O
Q .
Ca
o
3
■D
O
CD
Q .
■O
CD
C / )
C / )
.20E-01 d/D = 0.125
I.OOE-Ol d/D = 0.250
8.00E-02 d/D = 0.375
6.00E-02 ^  - d/D = 0.480
4 00E-02
d - Indenter Displacement 
D - Pipe Diameter
2 00E-02c
S
80.00 100.00 120.00 140.00 160.00 180.00
Angle (Degrees)
O.OOE+00
20.00 40.00 I 60.
-2.00E-02
-4.00E-02
-6 00E-02
-8.00E-02
-l.OOE-01
Figure 6.6.3.18. Circumferential Strain Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at Quarter Point
of 8 inch Diameter, 0 .125 inch Thick, Mild Steel Pipe With End Plates
W
oOn
CD■O
O
Q .
C
g
Q .
■O
CD
C/)W
o"3
O
8
(O'3"
i
3
CD
3.
3"
CD
CD"O
O
Q .
C
a
O
3
"O
O
CD
Q .
■D
CD
C / )
C / )
50E-01 — d/D = 0.125
d/D = 0.250
I.OOE-Ol
d/D = 0.375
-  d/D = 0.480
5.00E-02 d - Indenter Displacement 
D - Pipe Diameter
100.00 120,00 140.00
g  O.OOE+00 
(/)
— I
160.00 180.000.00 '20.00 80.000.00
Angle (Degrees)
-5 00E-02
-l.OOE-01
-I.50E-0I
Figure 6.6.3.19. Circumferential Strain Results (Bottom Face) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation
at Quarter Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
wo
■o
0
û .
1
■o
CD
C/)œ
o3
8
ë'
3
CD
C
p.
3"
CD
CD■O
O
Q .
CQ
■O
O
CD
Q .
■D
CD
(/)(/)
5.00E-02
d/D = O.I25
d/D = 0.2504.00E-02
d/D = 0.375
3 OOE-02
-  ^  - d/D = 0.480
2.00E-02 d - Indenter Displacement 
D - Pipe Diameter
I OOE-02
t/5
O.OOE+OO  1— .  1— — « ----------------  U | "  ■ I W ---------- M - H
80.00" 100.00 120.00 140.00 160.00 180.00
Angle (Degrees)
-l.OOE-02
-2.00E-02
-3 OOE-02
Figure 6.6.3.20. Circumferential Strain Results at Neutral Axis (Membrane) at Various Dent Deptlis Taken
From Finite Element Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse
Indentation at Quarter Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
W
o00
■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
8
(O'
3.
3"
CD
CDTD
O
Q .
C
a
O
3
"O
O
CD
Q .
"O
CD
C / )
C / )
3.00E-02 T
X .
2.00E-02 -
I.OOE-O:X -
t
-27.0 - 21.0 - 12.0 -6.0 -3.0
-l.ODE-02
3.0-24.0 
Distance* (Incites)
-18.0 -15.0 -9.0 6.0 9.0
-2.00E-02
♦ — d/D = 0.125
-3.00E-02
c/l-  ♦  -  d/D = 0.250
-4.00E-02
d/D = 0.375
-5.00E-02
— -X - • d/D = 0.480
-6.00E-02
d - Indenter Displacement 
D - Pipe Diameter -7.00E-02
-8.00E-02
Figure 6.6.3.21. Axial Strain Results (Top Face) at Various Dent Depths Taken From Finite Element Analysis
and Plotted Along the Longitudinal Axis of the Pipe Due to the Transverse Indentation at Quarter Point o f  8 inch
Diameter, 0.125 inch Tliick, Mild Steel Pipe With End Plates
W
§
7 )
C D■D
O
Q .
C
8
Q .
■D
CD
C/)
C/)
CD
8
8.00E-02
3
3"
CD
CD■D
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
— •— d/D = 0,125
-  ♦  -  d/D = 0.250 
 d/D = 0.375
-  X- - d/D = 0.480
d - Indenter Displacement 
D - Pipe Diameter
-27 0 -24,0 -21.0 -18.0
Distance (Inches)
7.00E-02
6.00E-02
5.00E-02
4.00E-02
3.00E-02
2.00E-02
6.0 ' -A  9.0
-l.OOE-02
Figure 6.6.3.22. Axial Strain Results (Bottom Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Transverse Indentation at Quarter Point
o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
W
o
7)
CD
"D
O
Q .
C
8
Q .
■D
CD
C/)
o '3
O
8
c q '
3
(D
C
P-
(D■O
O
Q .
Ca
o3
■O
o
CD
Q .
OC
■o
(D
(/)Wo'
3
2.50E-02 T -#— d/D = 0.125
— — d/D = 0.250
2.00E-02 --
d/D = 0.375
— -X - ■ d/D = 0.480
1.50E-02 --
d - [ndentcr Displacement 
D - Pipe Diameter
i.OOE-02
5.001
-27.0 -24.0 -21.0 -18.0 -15.0 -12.0 -9.0
Distance (Inches)
-6.0 3.0 9.06.0
-5.005-03 -L
Figure 6.6.3.23. Axial Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Transverse Indentation at
Quarter Point of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
C D■D
O
Q .
C
g
Q .
"D
CD
(/)cn
o '3
0
3
CD
8
(O '3"
1
3
CD
3.
3"
CD
CD■D
O
Q .C
a
o
3
■D
O
CD
Q .
■D
CD
C / )
C / )
3.00E-02 T
"00!
Distance (Inches)
-12.0 -9.0 -6.0 3.0 9.0
^ — d/D = 0 125
-I.OOE-02
d/D = 0.250
-2.00E-02d/D = 0.375
— X- - d/D = 0.480
-3.00E-02
d - Indcnter Displacement 
D - Pipe Diameter
-4.00E-02
Figure 6.6.3.24. Circumferential Strain Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis o f  the Pipe Due to the Transverse Indentation at Quarter Point of
8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
73
CD■O
O
Q .
C
8
Q .
■D
CD
C/)
C/)
CD
8
5
3.
3"
CD
CD■D
O
Q .
C
a
O3
"O
O
CD
Q .
■D
CD
(/)
C/)
Distance (Inches)
2 t(T  -  :2M ) W.Q. _  J ^ .O
.OOE-02
2.00E-02 T
I.50E-02 --
l.OOE-02
5.00E-03
<M)OE+ôô 
6.0 -3.0
-5.00E-03
-3.50E-02 J-
3.0
c/3
6 A
♦  - d/D = 0.125
— — d/D = 0.250 
 d/D = 0.375
— -X- - d/D = 0.480
d - Indenter Displacement 
D - Pipe Diameter
Figure 6.6.3.25. Circumferential Strain Results (Bottom Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Transverse Indentation at Quarter Point o f 8
inch Diameter, 0.125 inch Tliick, Mild Steel Pipe With End Plates
u>
w
■o
I
I
■o
CD
(/)
o '3
3"
CD
8
c5'
3"
3
CD
C
p.
3"
CD
CD
■o
OQ.CQ
-D
O
CDQ.
■D
CD
C / )
C / )
6.00E-03
4.00E-03
2.00E-03
Distance (Inches)
iOE+00
-27.0 -24 6.0 9.0
4 — d/D = 0.125
X"
— d/D = 0.250
X- '
 d/D = 0.375
— -X- - d/D = 0.480
-l.OOE-02 d - Indenter Displacement 
D - Pipe Diameter
-1.20E-02
-1.40E-02
Figure 6.6,3.26. Circumferential Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken From
Finite Element Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Transverse Indentation at
Quarter Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
7)
CD
"D
O
Q .
C
g
Q .
■D
CD
C/)O)
o"3
O
5
CD
8
CD
3.
3"
CD
CD■D
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
d/D = 0.125
-  ♦  -  d/D = 0.250
6.00E+04
d/D = 0.375
5.00E+04 — X - - d/D = 0.480
d - Indenter Displacement 
D - Pipe Diameter4 OOE+04
3.00E+04
2.00E+04
I.OOE+04
Angle (Degrees)
O.OOE+OO
0.00 30.00 60.00 90.00 120.00 150.00 180.00
Figure 6.6.3.27. Von Mises Stress Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at Quarter
Point of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
CD"O
O
Q .
C
3
Q .
■D
CD
C/)W
o"3
O
5
CD
8
ë'3"
ï
3
CD
"nc
3.
3"
CD
CD■O
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
6,0()EK)4 — d/D = 0.125
— — d/D = 0.250
d/D = 0.375
-  4*- - d/D = 0.4804.00E+04
d '  Indenter Displacement 
D - Pipe Diameter
3.00E+04
C/3
2.00E+04
¥ -  •  -
I .OOE+04
O.OOE+OO — ,—  
30.000.00 90.00 120.0060.00 150.00 180.00
Angle (Degrees)
Figure 6.6.3.28. Von Mises Stress Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at Quarter
Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates
W
ON
C D■D
O
Q .
C
g
Q .
■D
CD
C/)çn
o"3
O
8
ë '
3
3"
CD
CD■D
O
Q .
C
a
O
3
“D
O
CD
Q .
■D
CD
C / )
C / )
6.000E+04 ♦ — d/D = 0.125
— ♦  — d/D = 0.250
d/D = 0.375
X-
— -M- ■ d/D = 0.480
4.000E+0
d - Indenter Displacement 
D - Pipe Diameter
3.000E+04 :!
CO
CO
2.000E+04 -
OOOE+04 -
Distance (inches)
I H 1----------- 1-----------I----------- 1----------- 1----------- 1—  a o o o E + e o - j -
-27.0 -24.0 -21.0 -18.0 -15.0 -12.0 -9.0 -6.0 -3.0 0.0 3.0 9.06.0
Figure 6.6.3.29. Von Mises Stress Results (Top Face) at Various Dent Depths Taken From Finite Element Analysis
and Plotted Along the Longitudinal Axis o f the Pipe Due to the Transverse Indentation at Quarter Point o f 8 inch
Diameter, 0.125 inch Tliick, Mild Steel Pipe With End Plates
73
CD"O
O
Q .
C
g
Q .
"O
CD
C/)W
o"3
O
8
ci'3"
i
3
CD
3.
3"
CD
CD■O
O
Q .
C
a
O
3
■D
O
CD
Q .
"O
CD
(/)
C/)
5.000E+04 + — d/D = 0.125
4.500E+04 d/D = 0.250
4.000E+04 d/D = 0.375
3.500E+04 — -M- - d/D = 0.480
d - Indenter Displacement 
D - Pipe Diameter
3.000E+04
2.500E+04
2.000E+04
1.500E+04
OOOE+i
- H - - - - - - - - - - - - 1— ^ G 0 0 E + e 0 —
-9.0 -6.0 -3.0 0 1
-5.000E+03 --
Distance (liicljes)
3.0 6.0 9.0
Figure 6.6.3.30. Von Mises Stress Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Along the Longitudinal Axis o f  the Pipe Due to the Transverse Indentation at Quarter
Point o f 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End Plates w
00
7 )
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
3
CD
8
i3
CD
3.
3"
CD
CD■D
O
Q .
C
a
O
3
■O
O
CD
Q .
■D
CD
C / )
C / )
Angle (Degrees)
.120.0030.P0 150.00 180.00
-0.5
»r
I
a
g
I ^ — d/D = 0.125
— — d/D = 0.250
-2.5
d/D = 0.375
-  - d/D = 0.480
-3.5 d - Indenter Displacement 
D - Pipe Diameter
Figure 6.6.3.31. Displacement in the Vertical Direction at Various Dent Depths Taken From Finite Element Analysis and
Plotted Around the Circumference Under the Indenter Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter,
0.125 inch Thick, Mild Steel Pipe With End Plates
W
VO
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o"3
O
CD
8
(§■3"
ï
3
CD
"nc
3.
3"
CD
CD■O
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
Distance (Inches)
•24T)-27.0 18.0T - 12.0 - 6,0 3.0
vrl.GOE+00
?
-S
S
— d/D = 0.125I
(5
-  -  d/D = 0.250
•-2.50E^00 --
d/D = 0.375
— -X- - d/D = 0.480
d - Indenter Displacement 
D - Pipe Diameter
-4.0GE+00 J-
Figure 6.6.3.32. Displacement in the Vertical Direction at Various Dent Depths Taken From Finite Element Analysis and
Plotted Along the Longitudinal Axis o f  the Pipe Due to the Transverse Indentation at Quarter Point o f 8 inch Diameter, 0.125
inch Thick, Mild Steel Pipe With End Plates
W
ë
CH A PTER 7
COM PARISON BETW EEN TH E FIN ITE ELEMENT ANALYSIS AND 
EX PERIM ENTAL RESULTS FO R DEEP LONGITUDINAL 
DENTING OF M ILD STEEL PIPES
7.1. Longitudinal Denting of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe W ithout 
E nd  Plates
7.1.1. Experim ent
A 12 inch diameter, 0.1875 inch thick, mild steel pipe was dented in the longitudinal mode 
using the Tinius-Olsen universal testing machine. The pipe was supported on a steel W  8 .\ 18 
beam  placed on the bottom platform of the Tinius-Olsen. The indenter was mounted on the top 
moving head o f  the Tinius-Olsen testing equipment as shown in Figure 7.1.1.1. The longitudinal 
mode was first tried on the MTS equipment but resulted in lateral instability due to the high 
structural resistance o f this large pipe, causing the pipe and the entire set up to move laterally. The 
pipe was supported on the steel beam and was held in position through a 3/4 inch rod on the top 
head o f the MTS and the indenter was held in position using the same size rod on the bottom head. 
The lateral instability caused bending in the rod and the experiment had to be stopped to prevent 
the failure o f the rod. The longitudinal indentation mode, however, was performed on the MTS for 
the 8 inch diameter pipes with some difficulty as explained in further sections. The use o f  Tinius- 
Olsen provided stability in the experiment because the beam was supported on a large base and the 
indenter was also supported along the length by the top head of the Timus-Olscn. However, the 
Tinius-Olsen movement had to be controlled manually and had to be stopped manually at intervals 
to obtain strain readings from the digital strain indicators. The pipe was free at the ends (without
321
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end plates). The strain gages were installed at different locations on the pipe as shown in Figure 
7.1.1.2. The gages at location #9 and #10 were installed on the inner face o f  the pipe while the 
gages at location #7 and #8 were installed at the same location on the outer face o f the pipe. This 
was done to monitor the membrane and bending strain at these locations. These were two locations 
that were within reachable distance for strain gage installation on the inner face o f  the pipe. When 
the experiments were performed on the MTS equipment, the rate o f displacement was controlled by 
the computer at 0.0005 inches/sec. This type of fine tuning could not be achieved using the Tinius- 
Olsen. In order to maintain a rate close to the other experiments, a separate pipe denting trial 
experiment was performed first using the Tinius-Olsen without any strain gages installed on the 
pipe and using a stop clock. The position o f the dial that maintained a rate o f  0.0005 inches/sec 
was selected. In the actual experiment, the indentation was performed up tc a d/D ratio o f 0.5, i.e., 
until the indenter reached a depth equal to the radius o f the pipe. Strain readings were taken at 
every 0.05 inches o f indenter displacement. A dial gage was placed on the top head with respect to 
a stationary platform to monitor the displacement o f the indenter. The dial gage had a  maximum 
extension o f  one inch and had to be reset at the end o f every inch of the indenter displacement. 
The load reading was also manually recorded. These were some o f the major disadvantages in 
using the Tinius-Olsen for the denting experiments. The experimental procedure was completely 
controlled and a complete set of data was obtained similar to the other experiments.
7.1.2. Finite Element Analysis
The finite element model o f a 12 inch diameter and 0.1875 inch thick pipe without end 
plates for longitudinal indentation is shown in Figure 7.1.2.1. The mesh consists o f 3446 elements 
and 3146 nodes, the mesh elements have a uniform length-width-thickness ratio o f  1:1:1 where the
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indenter contes in contact with the pipe (Figure 7.1.2.2). This element aspect ratio is maintained 
constant in the axial direction up to 8 inches from the center of the pipe and up to 15° in the 
circumferential direction since half the indenter is 7 inches long and the contact with the pipe will 
not be beyond 15°, in the circumferential direction. The mesh elements are gradually elongated 
beyond 15°, in the circumferential direction, and beyond 8 inches in the axial direction. The mesh 
elements have a  width-length-thickness aspect ratio o f  2.75:1:1 at 180° in the center o f  the pipe. 
The mesh elements have an element aspect ratio o f approximately 30 at the free end o f the pipe. 
Utilizing the symmetry o f the structure, only one quarter o f  the pipe and indenter are modeled in the 
finite element analysis. The time-displacement curve and the stress-strain characteristics, given as 
input to the FEA run are shown and discussed in Chapter 5. The indenter has a  larger mesh than 
the pipe as shown in Figure 7.1.2.2, which is a requirement in Cosmos/M for convergence o f gaps. 
Initially the pipe was used as the target and the indenter was used as the contactor in defining the 
gap surAces and elements as in the previous FEA runs for transverse indentation. This caused 
diverging gaps; the contactor and the target had to be interchanged to achieve converging gaps. In 
the longitudinal mode, the indenter is in contact with the entire length o f  the pipe and there is 
friction between the indenter and the steel pipe. Initially gap elements without friction were chosen 
and the displacement o f the nodes on the steel pipe under the indenter were fixed in the axial 
direction. When experimental axial strains were compared to FEA strains, the strains predicted by 
FEA were considerably lower than the experimental values. Therefore these displacements were 
freed under the indenter in a subsequent run. The difficulty in including gap friction is explained in 
Section 7.1.2.1. Soft (E = 10x10^ psi) and thin (A = 0.1 sq. in.) truss elements are attached to the 
top o f the indenter to prevent rigid body motion as explained in Chapter 5. The boundary’ 
conditions o f the pipe are similar to the other FE runs as explained in Chapter 6. The slope and the 
displacement are fixed as appropriate along the edges o f symmetry. The bottom o f  the pipe is fixed
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in all directions. The ends o f the pipe are free, since this analysis is done on a pipe without end 
plates. Automatic time stepping was used in the analysis which required 89 time steps to solve the 
problem in approximately 24 hours of CPU time. The nonlinear analysis encountered convergence 
problems and had to be restarted after changing the ‘k’ parameter from 1 to 0.5 as recommended 
by Cosmos/M. The problem took two days to run on a Pentium Computer with 128 MB RAM. 
The session file used in the analysis of the problem is included in Appendix F.
7.I.2.I. Gap Elements With Friction
Gap elements allow either tension or compression after a  set displacement is reached and 
the gap is closed between the target and the contactor nodes. Gap elements can be specified 
friction if there is friction between the target and the contact entities in the analysis. The use o f gap 
elements require iterative nonlinear analysis since the program has to test for gap closure. Once 
the gap closes, the gap forces are calculated and are multiplied by a user specified fiiction 
coefficient to calculate contact friction forces. Thus gap elements add to the analysis, one or two 
levels o f nonlinearities. When a  FEA model having a longitudinally placed indenter with gap 
fiiction elements were tried, the analysis stalled because the model was subjected to material, 
geometrical nonlinearities in addition to the two levels o f gap element nonlinearities, given the very 
large number of unknowns in the equations. Therefore gap friction was removed in the analysis to 
improve convergence in the iterative analysis.
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7.1.3. Comparison of Results
The increasing loads required to dent the pipe are recorded manually from the load 
indicator on the Tinius-Olsen testing equipment at intervals o f  0.05 inches o f displacement during 
the experiment. The corresponding loads from FEA are calculated using the sum o f forces a t the 
closed gaps between the indenter and the pipe a t different time steps. Figure 7.1.3.1. shows good 
agreement between the load curves obtained from the experiment and FEA. with FEA under 
predicting the load by about 16% when the indenter displacement is 6 inches. The loads increase 
steadily up to 15000 lbs until the entire length o f  the indenter is in contact with the pipe. The load 
is constant for another 1/2 inch and starts to increase beyond that point up to 22,000 lbs.
Figures 7.1.3.2 through 7.1.3.11 show comparison o f strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on either side of the indenter to check the symmetry of loading. In general, the 
strains were in excellent agreement between the experiment and FEA. The circumferential strains 
at the center o f pipe, located at 90", closely follow the FEA results. From Figure 7.1.3.7., the 
strains obtained from strain gage #6 and #18, mounted on each side o f the indenter at 90° and 15 
inches away from the center were in good agreement between each other, however, the FEA results 
showed lower values than the experiment. The finite element strain results were averaged at this 
point over a larger area o f the model which resulted in the lower strain values. Strain gages at 
location #9 and #10, installed on the inner face o f  the pipe deviated by a large amount from FEA 
results. The lead wires for these strain gages had to be soldered to the strain gages before the 
adhesive was applied. The strain gages and the lead wires were then taken as a whole and glued to 
the inner face o f the pipe. 15 inches from the end. When this was done, the lead wires might have 
also attached to the pipe surface causing the error in the strain readings because it prevents the
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strain gage from expanding. The membrane strain obtained from the strain readings at top and 
bottom at gage locations #7 and #8 did not give good results since the bottom strain readings from 
the experiment were not correct. Extra care has to be taken when the lead wires are soldered prior 
to application o f glue and more control has to be exercised while installing strain gages on the inner 
sur&ce o f the pipes. In Figure 7.1.3. I I ,  strains predicted by FEA is higher than the experimental 
values a t gage locations #19 and #20 by 22%.
Figure 7.1.3.12 and 7.1.3.13 show comparison o f circumferential strain readings (top fece) 
from experiment and FEA at various dent depths along the top longitudinal axis o f the pipe. Two 
strain gages were placed on either side o f the center line, one at 8 inches and another at 15 inches 
from the center o f the pipe. The comparison is very good between the experiment and FEA, and 
symmetry is preserved at all stages o f denting. The circumferential strain is highest at the edge o f 
the indenter (7 inches from the center o f the pipe) having a value o f 120,000 pe. When d/D = 
0.083, the circumferential strain at the center o f the pipe is about 45,000 ps and increases to
80,000 pa in compression at the edge o f the indenter. After d/D = 0.166, the strain is higher at the 
center and decreases along the length up to 7 inches and then there is a sharp rise at the edge o f the 
indenter. It was observed during the experiments, that the indenter was in contact with the pipe 
only at its edges at the beginning of the experiment. After an indenter displacement o f 2 inches, 
(d/D = 0.166) the indenter was in contact with the pipe throughout its entire length. The edge o f 
the indenter caused the high compressive strain at that point. Initially, when the indenter is in 
contact only at the edges, the compressive strain is lower at the center and increases along the 
length away from the center. Later when d/D = 0.166, the strain increases considerably in 
compression at the center. This pattern o f behavior is seen in strain gage #4 readings (Figure 
7.1.3.5), although the values are lower, because the strain gage was located at 10" and not at 0° in 
the center o f the pipe. Along the length of the indenter, the strains increase rapidly up to d/D =
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0.166 and there is only a very small increase in strain thereafter. This pattern is seen in strain 
gages #13 and #14 in Figure 7.1.3.10.
Figure 7.1.3.14 to 7.1.3.16 show the axial strains obtained from FEA at the center o f  the 
pipe and plotted around the circumference. The axial strains from the top &ce and the bottom face 
are almost identical indicating that the strain contribution is mostly due to membrane rather than 
bending. Strain gages were placed at the center line of the pipe to measure axial strains, one at 10° 
from the top (strain #5) and two at ±90° from top on either side o f the indenter (strains #19 and 
#20). The variation o f these experimental strain readings with increasing indenter displacement are 
compared to those from FEA in Figures 7.1.3.6 and 7.1.3.11 respectively. Strain #5 has an 
excellent agreement with those of FEA, but strain #19 and #20 did not show good agreement. The 
maximum axial strain at d/D = 0.5 is a t 0°, where the indenter is in contact with the pipe, having a 
value o f only 5500 pe in the bottom fiice, which is barely above yield strain. The membrane is 
initially in compression and then goes into tension when d/D = 0.25. Figures 7.1.3.17 to 7.1.3.19 
show the circumferential strains obtained from FEA at the center o f the pipe and plotted around the 
circumference. The opposite nature o f  the top face and the bottom face circumferential strains 
indicate that most o f the strain contribution is due to bending although membrane has yielded at the 
center o f the pipe. The strains arc very high in the region o f contact having a  value o f 120,000 ps 
at the 0°. Strain gages were placed at the center line o f the pipe to measure circumferential strains, 
one at 10° from the top (strain #4) and two at ±90° from top on either side o f  the indenter (strains 
#3 and #17). The variation of these experimental strain readings with increasing indenter 
displacement are compared to those from FEA in Figures 7.1.3.5 and 7.1.3.4 respectively. Both 
the figures show excellent agreement between the strain gage readings and FEA strain results.
Figures 7.1.3.20 to 7.1.3.22 show the variation of axial strains along the length o f the 
pipe. The membrane strain is high at the edge of the indenter having a value o f 45.000 ps in
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tension at d/D = 0.5. The axial strain in the bottom face at the edge o f the indenter has a  value of
120,000 pe in tension. Two strain gages were installed on either side o f the center line o f  the pipe 
at a  distance of 8.0 inches from the center ( strain #11 and strain #12) to measure axial strains at 
these points. Figure 7.1.3.9 shows the comparison o f these strain readings to those o f  FEA with 
respect to indenter displacement. The curves are in very good agreement between FEA results and 
experiment. Even though friction was neglected in the analysis, the axial membrane strain between 
the experiment and FEA were in good agreement in this test case of a  pipe without end plates. 
Figures 7.1.3.23 to 7.1.3.25 show the variation o f  circumferential strains along the length o f  the 
pipe. Circumferential strain in the top fiice is high at the center (-120,000 pe) and in the bottom 
face is high at the edge o f the indenter (240,000 pe) at d/D = 0.5. The membrane strain is also 
high at the edge o f the indenter having a  value of 60,000 pe in tension a t d/D = 0.5. 
Circumferential strain readings (top 6ce) obtained from the experiment are compared to FEA 
results in Figures 7.1.3.12 and 7.1.3.13 at various indenter depths. Figure 7.1.3.26 shows the 
variation o f shear strain in the global xz direction and is maximum at the edge o f  the indenter 
having a value o f -30,000 ps at d/D = 0.5.
Figures 7.1.3.27 to 7.1.3.30 show the Von Mises stress plots from FEA around the 
circumference and along the length of the pipe. The maximum Von Mises stress is around 68,000 
psi at the center o f the pipe. The Von Mises stress at the 180° is high, having a value o f  60,000 
psi. The Von Mises membrane is high at 60°, having a value o f 50,000 psi. The variation along 
the length shows that the pipe material is beyond yield at least up to 18 inches from the center o f 
the pipe at d/D = 0.5. The membrane stresses show yielding only to a  distance o f 4 inches from the 
center o f the pipe at d/D = 0.5.
Figures 7.1.3.31 and 7.1.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displacement in the
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vertical direction is almost constant along the length o f the indenter. The displaced shape o f the 
pipe from FEA is shown in Figure 7.1.3.33. The vertical displacement obtained from FEA at the 
end o f  the pipe is 3.094 inches at d/D = 0.5. No precise displacement measurement was made in 
the experiment other than the movement o f the indenter but the final shape o f the pipe end is similar 
to the one obtained in FEA.
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Figure 7.1.1.1. 12 inch Diameter, 0.1875 inch Thick Mild Steel Pipe Without End Plates Set up 
on the Bottom Platform and Indenter Mounted on the Top Head o f the Tinius-Olsen Universal 
Testing Machine
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D E N I E R
PE
Figure 7.1.2.1. Finite Element Mesh o f the Indenter and the 12 inch Diameter. 0.1875 inch Thick, 
Pipe Without End Plates for Longitudinal Indentation
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E M T E R
Figure 7.1.2.2. Finite Element Mesh Having Small Elements on the Pipe and Large Elements on 
the Indenter o f a 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe Without End Plates for 
Longitudinal Indentation
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Figure 7.1.3.33. Displaced Shape of a Longitudinally Dented 12 inch Diameter. 0.1875 inch 
Thick, Mild Steel Pipe Without End Plates at d/D = 0.5 (d - Indenter Displacement, D - Diameter 
o f  Pipe)
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7.2. Longitudinal Denting of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End 
Plates
7.2.1. Experiment
An 8 inch diameter, 0.125 inch thick, mild steel pipe was dented in the longitudinal mode 
using the MTS testing equipment. The pipe was supported on a  steel W 8 x 18 beam and 
supported from the top head o f the MTS. The indenter was mounted on the bottom head of the 
MTS testing equipment as shown in Figure 7.2.1.1. The pipe was free at the ends (without end 
plates). The strain gages were installed at different locations on the pipe as shown in Figure
7.2.1.2. The gages at location #9 and #10 were installed on the irmer fece o f the pipe while the 
gages at location #7 and #8 were installed at the same location on the outer face o f  the pipe. This 
was done to monitor the membrane strain at these locations and for comparison o f  bending values 
with the finite element analysis. These were two locations that were within reachable distance for 
strain gage installation on the inner face o f the pipe. Stricter control was exercised while installing 
the strain gages on the inner surfrtce to prevent damage to the lead wires which happened in the 
previous testing case. Unfortunately the strain gages at location #1 and #7 were damaged while 
installing the pipe on the MTS equipment. The indenter movement was controlled using the 
displacement mode o f the MTS at a  rate o f 0.0005 inch/sec. The indentation was performed up to 
a d/D ratio of 0.75. i.e., until the indenter reached a  depth more than the radius o f the pipe. The 
pipe in its final dented shape is shown in Figure 7.2.1.3 at d/D = 0.75.
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7.1.2. Finite Element Analysis
The finite element model o f a 8 inch diameter and 0.125 inch thick pipe without end plates 
for longitudinal indentation was created using Cosmos/M. The mesh consists o f 2896 elements 
and 2962 nodes, the mesh elements have a uniform thickness-width-length ratio o f  1:1:1 where the 
indenter comes in contact with the pipe. This element aspect ratio is maintained constant in the 
axial direction up to 8 inches from the center o f  the pipe and up to 15° in the circumferential 
direction since half the indenter is 7 inches long and the contact with the pipe will not be beyond 
15°, in the circumferential direction. The mesh elements are gradually elongated beyond 15°, in the 
circumferential direction, and beyond 8 inches in the axial direction. The mesh elements have an 
aspect ratio o f 1.84 at 180° in the center of the pipe. The mesh elements have an element aspect 
ratio o f  approximately 10 at the free end o f the pipe. Utilizing the symmetry o f the structure, only 
one quarter o f the pipe and indenter are modeled in the finite element analysis. The time- 
displacement curve and the stress-strain characteristics, given as input to the PEA run are shown 
and discussed in Chapter 5. The indenter has a  larger element mesh than the pipe, which is a 
requirement in Cosmos/M for convergence of gaps. The pipe is used as the contactor and the 
indenter is used as the target when the gap surfaces are defined. Friction was neglected in the 
analysis because o f gap convergence problems as explained in Section 7.1.2. Soft (E = 10x10^ psi) 
and thin (A = 0.1 sq. in.) truss elements are attached to the top o f  the indenter to prevent rigid body 
motion as explained in Chapter 5. The boundary conditions o f the pipe are similar to the other FE 
runs as explained in Chapter 6. The slope and the displacement are fixed as appropriate along the 
edges o f symmetry. The bottom line of the pipe is fixed in all directions. In the FEA model, the 
ends o f the pipe are free, since this analysis is on a pipe without end plates. Automatic time 
stepping was used in the analysis which required 51 time steps to solve the problem in
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approximately 14 hours o f  CPU time. The nonlinear analysis encountered convergence problems 
and had to be restarted aller changing the ‘k’ parameter from 1 to 0.5. The problem took two days 
to run on the 133 Mhz Pentium Computer with 128 MB RAM.
7.2.3. Comparison of Results
The increasing loads required to dent the pipe are recorded continuously from the MTS 
load cell during the entire denting process in the experiment. The corresponding loads from FEA 
are calculated using the sum o f forces at the closed gaps between the indenter and the pipe at 
different time steps. Figure 7.2.3.1. shows that the FEA load curve flattens much faster after a 
displacement o f only 3 inches, while the load keeps increasing in the experimental curve. This is 
due to the lack of gap elements in modeling the boundary conditions at the bottom o f  the pipe as 
discussed in Chapter 6. The entire pipe flattens a t the bottom (Figure 7.2.1.3) forming plastic 
hinges, thus causing the difference between the two load curves. The loads increase up to 1 inch o f 
indentation and then flattens for another inch and again starts increasing. This is due to the fact 
that the indenter initially is in contact with the pipe only at the edges and gradually comes in 
contact with the pipe through its length, thus mandating the gradual formation of the plastic hinges.
Figures 1 2 .3 2  through 7.2.3.10 show comparison o f strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on either side o f the indenter to check the symmetry of loading. In general, the 
strains were in good agreement between the experiment and FEA up to 4 inches o f indenter 
displacement. There was some eccentricity' in loading both in the circumferential direction and in 
the axial direction due to misalignment in positioning the pipe. Strain gages #3 and # 17. located at 
± 90" read higher values than the FEA strain results because o f the approximation in boundary
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conditions at the bottom o f the pipe. Strain gages #6 and #18 located at ± 90° and 13 inches from 
the center also show the effect o f boundary conditions. The axial strains also show a  change in 
direction from tension to compression which is not duplicated by FEA.
Strain gages a t location #9 and #10 were installed on the inner surface o f  the pipe at 8 
inches from the center o f  the pipe. Strain gages #14 and #13 were installed on the top su r6ce  o f 
the pipe at the same location. The strain gages on the inner surface were installed with more care 
and control to prevent the damage that occurred in the previous experiment. Figure 7.2.3.10 shows 
a  good comparison between the experimental and FEA strain values. However, Figure 7.2.3.12 
shows that strain #13 followed the FEA curve while strain #14 predicted lower values than FEA. 
The membrane strain at both these locations were calculated and are compared with FEA 
membrane strains in Figure 7.2.3.13. It can be seen that membrane strain obtained from strain 
gage locations, #10 and #13 are in good agreement with FEA strain results.
Figure 7.2.3.14 and 7.2.3.15 show comparison o f circumferential strain readings (top face) 
from experiment and FEA at various dent depths along the top longitudinal axis o f  the pipe. Two 
strain gages were placed on either side o f the center line, one at 8 inches and another at 13 inches 
from the center o f  the pipe. The comparison is very good between the experiment and FEA, and on 
one side o f the center line o f the pipe up to d/D = 0.375. The circumferential strain is highest at 
the edge o f the indenter (7 inches from the center of the pipe) having a value of 120,000 pe. When 
d/D = 0.125, the circumferential strain at the center of the pipe is about 45,000 ps and increases to
90.000 ps in compression. After d/D = 0.25, the strain is higher at the center and decreases along 
the length up to 7 inches and then there is a sharp rise in strain at the edge o f the indenter. The 
indenter initially is in contact with the pipe only at the edges and thus, the pipe has a higher 
compressive strain at the edges than the center. Later when the pipe comes in contact with the
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entire length o f the indenter, the central strain increases. After an indentation o f d/D = 0.5, the 
experimental values deviate from the FEA strain results by a  laige amount.
Figure 7.2.3.16 to 7.2.3.18 show the axial strains obtained from FEA at the center o f  the 
pipe and plotted around the circumference. The axial strains from the top 6 c e  and the bottom face 
are almost identical indicating that the strain contribution is mostly due to membrane rather than 
bending. Strain gages were placed at the center line o f the pipe to measure axial strains, one at 15° 
from the top (strain #4) and two at ±90° from top on either side o f the indenter (strains #19 and 
#20). The variation o f  these experimental strain readings with increasing indenter displacement are 
compared to those from FEA in Figures 7.2.3.6 and 7.2.3.5 respectively. Strain #4, #19 and #20 
readings closely follow those o f FEA up to 4 inches o f indentation and beyond that they deviate by 
a  large amount from FEA values. The axial strains in the bottom face at 0° is barely above yield 
strain, while the axial strains around the circumference remain below yield up to d/D = 0.75. The 
membrane is initially in compression and then goes into tension when d/D = 0.5. Figures 7.2.3.19 
to 7.2.3.21 show the circumferential strains obtained from FEA at the center o f the pipe and 
plotted around the circumference. The opposite nature o f the top face and the bottom free 
circumferential strains indicate that most o f the strain contribution is due to bending although 
membrane has yielded at the center o f the pipe. The strains are very high in the region o f contact 
having a value of 90,000 ps at the top o f  the pipe. The circumferential strains reach high values at
80,000 pe at the 180° where the pipe is attached to the beam. This behavior is only seen in the 8 
inch diameter pipe because the indentation is deeper than the radius o f the pipe. Strain gages were 
placed at the center line of the pipe to measure circumferential strains, one at 15° from the top 
(strain #5) and two at ±90° from top on either side o f the indenter (strains #3 and #17). The 
variation o f these experimental strain readings with increasing indenter displacement are compared
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to those from FEA in Figures 7.2.3.7 and 7.2.3.4 respectively. Both figures show good agreement 
between the strain gage readings and FEA strain results up to 4 inches o f  indentation.
Figures 7.2.3.22 to 7.2.3.24 show the variation of axial strains along the length o f  the 
pipe. The membrane strain at the edge of the indenter has a value o f 25,000 pc in tension at d/D = 
0.75. The axial strain in the bottom face at the edge of the indenter has a  value o f  68,000 pg in 
tension. Two strain gages were installed on either side o f the center line o f the pipe a t a  distance of 
8.0 inches from the center ( strain #11 and strain #12) to measure axial strains at these points. 
Figure 7.2.3.11 shows the comparison o f these strain readings to those of FEA with respect to 
indenter displacement. Strain #11 is in very good agreement between FEA results and experiment. 
The effect o f neglecting friction in the finite element analysis is not seen in this test case o f a  pipe 
without end plates since the surfaces are free to move. Figures 7.2.3.25 to 7.2.3.27 show the 
variation o f circumferential strains along the length o f the pipe. Circumferential strain in the top 
face (-120,000 ps) and in the bottom face (200,000 ps) are high at the edge o f  the indenter when 
d/D = 0.75. The membrane strain is also high at the edge of the indenter having a value o f 40,000 
pe in tension at d/D =  0.75. Circumferential strain readings (top free) obtained from the 
experiment are compared to FEA results in Figures 7.2.3.14 and 7.2.3.15 at various indenter 
depths. Figure 7.2.3.28 shows the variation o f shear strain in the global xz direction and is 
maximum at the edge o f  the indenter having a value o f -24,000 pe at d/D = 0.75.
Figures 7.2.3.29 to 7.2.3.32 show the Von Mises stress plots from FEA around the 
circumference and along the length of the pipe. The maximum Von Mises stress is around 58,000 
psi at the center o f  the pipe. The Von Mises stress at the 180° is also high, having a value of
58.000 psi. The Von Mises membrane is high at 0 ° and 75° having a value of 28,000 psi which is 
below yield stress. The stress variation along the length shows that the pipe material is beyond
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yield through the entire length o f  the pipe at d/D = 0.75. The membrane stress has a  value of
32,000 psi at the center o f the pipe a t d/D = 0.75, which is still below yield stress.
Figures 7.2.3.33 and 7.2.3.34 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displacement in the 
vertical direction is almost constant along the length o f  the indenter. The displaced shape o f  the 
pipe from FEA is shown in Figure 7.2.3.35. The vertical displacement at the end o f  the pipe is 
4.724 inches at d/D =  0.75. Experimental measurements were made on the change in diameter at 
the free ends o f the pipe and the average displacement from both ends is calculated between the 
new diameter and the original diameter at 0° and 90°. These values are compared to FEA 
displacement results in Table 7.2.3.1. The values measured from experiment differ from the 
experiment at some stages by a large amount while in the middle stages of the experiment are quite 
close.
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Figure 7 2.1 1 S inch Diam eter. 0 125 inch Tliick Mild Steel Pipe Set up on the M TS T esting  
Equipment for Longitudinal Denting
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Figure 7.2.1.3. 8 inch Diameter, 0.1875 inch Thick Mild Steel Pipe in its Final Dented Shape Due 
to Longitudinal Indentation at d/D=0.75 (d - Indenter Displacement. Pipe Diameter)
Table 7.2.3.1. Comparison o f Vertical and Horizontal Displacements at the Free Ends o f 8 inch 
Diameter. 0.125 inch Thick. Mild Steel Pipe Due to Longitudinal Indentation
Vertical Displacement 
(inches)
Horizontal I 
(inc
)isplacement
les)
d/D Experiment FEA Experiment FEA
0.125 -0.365 -0.733 0.3625 0.316
0.250 -1.305 -1.344 0.6375 0.556
0.375 -1.995 -2.063 0.8525 0.776
0.500 -2.759 -2.984 1.1005 0.983
0.625 -3.565 -3.745 1.3225 1.105
0.750 -5.065 -4.724 1.4625 1.198
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Location #8) Versus Indenter Displacement Due to the Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick,
Mild Steel Pipe Without End Plates
W00KJ\
7 3
C D■D
O
Q .
C
S
Q .
■D
CD
C/)W
o"3
O
8
ë'
3
CD
3.
3"
CD
CD"O
O
Q .
C
a
O
3
■D
O
CD
Q .
■D
CD
C / )
C / )
4.50E-02 T
4.00E-02 -
3.50E-02 --
3.00E-02 --
 Strain #9, Laboratory Experiment
 Strain #10, Laboratory Experiment
■A—  Strain #9, Finite Element Analysis
2.50E-02 --
2.00E-02 -
1.50E-02 -- ^
J.OOE-02
Indenter Displacement (inches)
-5.00 -4.00 -3.00 -2.00 -1.00
-5.00E-03 -1
Figure 7.2.3.10. Circumferential Strain (Bottom Face) at Zero degrees and 8.0 inches Away from Center (Strain Gage
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Figure 7.2.3.11. Axial Strain (Top Face) at Zero degrees and 8.0 inches Away from Center (Strain Gage Location #11)
Versus Indenter Displacement Due to the Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe
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Mild Steel Pipe Without End Plates
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Figure 7.2.3.13. Circumferential Strain at Neutral Axis (Membrane) at Zero degrees and 8.0 inches Away from Center
Versus Indenter Displacement Due to the Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe
Without End Plates
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Along the Longitudinal Axis of the Pipe Due to Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End
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Figure 7.2.3.15. Circumferential Strain Gage Readings and Finite Element Analysis Results (Top Face) at Various Dent Depths Plotted
Along the Longitudinal Axis of the Pipe Due to Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End
Plates
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Figure 7.2.3.16. Axial Strain Results (Top Face) at Various Dent Depths Taken From Finite Element Analysis
and Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal Indentation o f 8 inch
Diameter, 0,125 inch Tliick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.17. Axial Strain Results (Bottom Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal Indentation of 8
inch Diameter, 0.125 inch Tliick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.18. Axial Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal
Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.19. Circumferential Strain Results (Top Face) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal
Indentation of 8 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.20. Circumferential Strain Results (Bottom Face) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal
Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2 3.21. Circumferential Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken
From Finite Element Analysis and Plotted Around the Circumference at the Center of Pipe Due to the
Longitudinal Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.22. Axial Strain Results (Top Face) at Various Dent Depths Taken From Finite Element Analysis
and Plotted Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation of 8 inch Diameter,
0.125 inch Thick, Mild Steel Pipe Without End Plates
WVO00
C D■D
O
Q .
C
g
Q .
■D
CD
C/)W
o "3
O
8
ci'
3
3"
CD
CD■O
O
Q .
Cg.
o
3
"D
O
CD
Q .
■D
CD
C / )
C / )
7,00E-02 ♦ — d/D = 0.125
-  ^  -  d/D = 0.250
d/D = 0.3756.00E-02
— -M- ■ d/D = 0.500
— •* — d/D = 0.6255.00E-02
♦ — d/D = 0.750
d - Indenter Displacement 
D - Pipe Diameter
4.00E-02
B
g 3.00E-02
c / l
2.00E-02
OOE-02
)0 2.00 4.00
Distance (Inches)
O.OOE+00
6.00 18.00
-i.OOE-02
Figure 7.2.3.23. Axial Strain Results (Bottom Face) at Various Dent Deptlis Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation of 8 inch
Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.24. Axial Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation of 8
inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.25. Circumferential Strain Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation o f 8 inch
Diameter, 0 .125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.26. Circumferential Strain Results (Bottom Face) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Longitudinal Indentation of 8
inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.27. Circumferential Strain Results at Neutral Axis (Membrane) at Various Dent Depths Taken
From Finite Element Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Longitudinal
Indentation of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.28. Shear Strain Results at Various Dent Depths Taken From Finite Element Analysis and Plotted
Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation of 8 inch Diameter, 0.125 inch
Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.29. Von Mises Stress Results (Top Face) at Various Dent Deptlis Taken From Finite Element Analysis and
Plotted Around the Circumference at the Center of Pipe Due to the Longitudinal Indentation of 8 inch Diameter, 0 .125
inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.30. Von Mises Stress Results at Neutral Axis (Membrane) at Various Dent Depths Taken From Finite
Element Analysis and Plotted Around the Circumference at the Center of Pipe Due to tlic Longitudinal Indentation of 8
inch Diameter, 0.125 inch Thick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.31. Von Mises Stress Results (Top Face) at Various Dent Depths Taken From Finite Element
Analysis and Plotted Along the Longitudinal Axis of the Pipe Due to the Longitudinal Indentation of 8 inch
Diameter, 0.125 inch Tliick, Mild Steel Pipe Without End Plates
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Figure 7.2.3.32. Von Mises Stress Results at Neutral Axis (Membrane) at Various Dent Depths Taken From
Finite Element Analysis and Plotted Along the Longitudinal Axis o f the Pipe Due to the Longitudinal Indentation
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7.3. Longitudinal Denting of 12 inch Diameter, 0.1875 inch Thick, Mild Steel Pipe With End 
Plates
7.3.1. Experiment
A 12 inch diameter, 0.1875 inch thick, mild steel pipe with end plates was dented in the 
longitudinal mode using the Tinius-Olsen. The pipe was supported on a steel W  8 x 18 beam 
placed on the bottom platform of the Tinius-Olsen. The indenter was mounted on the top moving 
head o f the Tinius-Olsen universal testing machine as shown in Figure 7.3.1.1. The pipe was 
welded to 0.5 inch thick steel plates a t both ends. The weld was continuous and the weld size was 
chosen such as to achieve full penetration. The strain gages were installed at different locations on 
the pipe as shown in Figure 7.3.1.2. Strain gages were placed close to the indenter on either side o f 
the 0° line and also at the 90° line and at the edges o f the indenter. Strain gages were placed at the 
0° and the 90° at 15 inches from the center o f the pipe in the longitudinal direction. Two strain 
gages were also placed on the end plates to monitor the bending strains on the plate. The 
indentation was performed only up to a dent depth o f  4.7 inches (d/D = 0.3916) because the 
maximum capacity o f 30,000 lbs for the Tinius-Olsen was reached at this depth. Strain readings 
were taken at every 0.05 inch of indenter displacement. A dial gage was placed on the top head 
with respect to a stationary platform to monitor the displacement o f the indenter. The dial gage 
had a maximum extension o f one inch and had to be reset at the end o f every inch o f the indenter 
displacement. The load reading was also manually recorded at every 0.05 inch o f indenter 
displacement. The pipe in the final dented shape is shown in Figure 7.3.1.3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
412
7.3.2. Finite Element Analysis
The finite element model o f a 12 inch diameter and 0.1875 inch thick pipe with 0.5 inch 
end plates for longitudinal indentation is shown in Figure 7.3.2.1. The mesh consists o f  2851 
elements and 2871 nodes, the mesh elements have a  uniform thickness-width-length ratio o f  1:1:1 
where the indenter comes in contact with the pipe. This element aspect ratio is maintained constant 
in the axial direction up to 8 inches from the center o f the pipe and up to 15° in the circumferential 
direction since half the indenter is 7 inches long and the contact with the pipe will not be beyond 
15°, in the circumferential direction. The mesh elements are gradually elongated beyond 15°, in the 
circumferential direction, and beyond 8 inches in the axial direction. The mesh elements have a 
length to width aspect ratio o f  2.5 at 180° in the center o f the pipe and an element length to width 
aspect ratio o f approximately 33 at the free end o f the pipe. The niunber of elements in this model 
are lesser than the pipe without the end plates. When the end plate was added to the model, the 
number of elements increased, thus increasing the prescribed displacements. Since there is an 
upper limit o f 500 on the prescribed displacements in Cosmos/M, the niunber o f elements had to be 
reduced and that is the reason for the lesser number o f  elements. Utilizing the symmetry o f the 
structure, only one quarter o f the pipe and indenter are modeled in the finite element analysis. The 
time-displacement curve and the stress-strain characteristics, given as input to the PEA run are 
shown and discussed in Chapter 5. The indenter has a larger mesh than the pipe, which is a 
requirement in Cosmos/M for convergence o f gaps. The pipe was used as the contactor and the 
indenter was used as the target in defining the gap surfiices and elements as in the previous PEA 
runs for longitudinal indentation. Friction was neglected in the analysis due to gap convergence 
problems as explained in Section 7.1.2. Soft (E = 10x10^ psi) and thin (A = 0.1 sq. in.) truss 
elements are attached to the top of the indenter to prevent rigid body motion as explained in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
413
Chapter 5. The boundary conditions o f the pipe are similar to the other FE runs as explained in 
Chapter 6. The slope and the displacement are fixed as appropriate along the edges of symmetry. 
The bottom line o f the pipe is fixed in all directions. Automatic time stepping was used in the 
analysis which required 86 time steps to solve the problem in approximately 2 1 hours of CPU time. 
The nonlinear analysis encountered convergence problems and had to be restarted after changing 
the ‘k ’ parameter fiom 1 to 0.5. The problem took two days to nm on the 133 Mhz Pentiiun 
Computer with 128 MB RAM.
7.3.3. Comparison of Results
The increasing loads required to dent the pipe are recorded fi’om the load indicator on the 
Tinius-Olsen universal testing machine manually at intervals o f 0.05 inches o f displacement during 
the experiment. The corresponding loads fi"om FEA are calculated using the sum of forces at the 
closed gaps between the indenter and the pipe at different time steps. Figure 7.3.3.1. shows good 
agreement between the load curves obtained fi"om the experiment and FEA with FEA over 
predicting the load by 8% at an indenter displacement of 4.7 inches. The loads increase steadily up 
to 15000 lbs until the entire length o f the indenter is in contact with the pipe. The load is constant 
for another 1/2 inch and starts to increase beyond that point up to 33,000 lbs.
Figures 7.3.3.2 through 7.3.3.12 show comparison o f strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on either side o f the indenter to check the symmetry o f loading. In general, the 
strains predicted by FEA were slightly higher than the experimental values. There is a sharp 
increase in most o f the strains at 90'  ̂ from FEA beyond 4 inches o f  indentation. This could not be 
verified by the strain gages in the experiment because the indentation was only performed up to 4.7
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inches. Most o f the over predictions in the FEA strains are seen in the axial direction and some o f 
them in the circumferential direction. This is because friction has been neglected in the analysis. 
The circiunferential strains at the center o f pipe, located at 90°, (Figure 7.3.3.7) closely follow the 
FEA results indicating that the effect o f modeling the boundary conditions at the bottom o f the pipe 
did not affect the results in the case of longitudinal indentation at the center for a 12 inch diameter 
pipe. The strain readings from strain gages located on the end plate #22 and #24 (Figure 7.3.3.12) 
are very low and are below yield strain values. The experimental values are slightly higher than 
FEA at this location.
Figure 7.3.3.13 shows comparison o f circumferential strain readings (top fece) from 
experiment and FEA at various dent depths up to d/D = 0.25, along the top longitudinal axis o f the 
pipe. Two strain gages were placed on either side of the center line, one at 8 inches and another at 
15 inches from the center o f the pipe. The comparison is very good between the experiment and 
FEA, and symmetry is preserved at all stages o f denting. The circumferential strain is highest at 
the center o f the pipe having a  value o f 145,000 pa at d/D = 0.25. When d/D = 0.083, the 
circumferential strain at the center o f the pipe is about 90,000 ps and increases to 105,000 pe in 
compression at the edge of the indenter. After d/D = 0.166, the strain is higher at the center and 
decreases along the length to the edge of the indenter. It was observed during the experiments, that 
the indenter was in contact with the pipe only at its edges at the beginning o f the experiment. After 
an indenter displacement of 2 inches, (d/D = 0.166) the indenter was in contact with the pipe 
through its entire length. The edge of the indenter causes the h i ^  compressive strain at that point. 
Initially, when the indenter is in contact only at the edges, the compressive strain is lower at the 
center and increases along the length away from the center. Later when d/D = 0.166. the strain 
increases considerably in compression at the center. This pattern o f behavior is seen in strain gage 
#4 readings (Figure 7.3.3 6), although the values are lower, because the strain gage was located at
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10° and not at 0° in the center o f the pipe. Along the length o f the indenter, the strains increase 
rapidly up to d/D = 0.166 and there is only a very small increase in strain thereafter. This pattern 
is seen in strain gages #13 and #14 in Figure 7.3.3.10.
Figure 7.3.3.14 to 7.3.3.16 show the axial strains obtained from FEA at the center o f  the 
pipe and plotted around the circumference. The axial strains from the top 6 c e  and the bottom ûux 
are identical indicating that the strain contribution is mostly due to membrane and to a lesser 
degree due to bending. Strain gages were placed at the center line o f the pipe to measure axial 
strains, one at 10° from the top (strain #5) and two at ±90° from top on either side o f  the indenter 
(strains #19 and #20). The variation o f these experimental strain readings with increasing indenter 
displacement are compared to those from FEA in Figures 7.3.3.5 and 7.3.3.11 respectively. In ail 
these strains, the strains predicted by FEA are higher in magnitude than the corresponding 
experimental values because friction was not included in the analysis. The maximum axial 
membrane strain at d/D = 0.5 is at 75°, having a value o f 20,000 ps in tension. The membrane is 
initially in compression and goes into tension when d/D = 0.166. Figures 7.3.3.17 to 7.3.3.19 
show the circumferential strains obtained from FEA at the center o f the pipe and plotted around the 
circumference. The opposite nature of the top face and the bottom face circumferential strains 
indicate that most o f  the strain contribution is due to bending although membrane has yielded at the 
center o f the pipe. The strains are very high in the region o f contact having a value o f 155,000 pg 
at the 0°. Strain gages were placed at the center line o f the pipe to measure circumferential strains, 
one at 10° from the top (strain #4) and two at ±90° from top on either side o f the indenter (strains 
#3 and #17). The variation o f these experimental strain readings with increasing indenter 
displacement are compared to those from FEA in Figures 7.3.3.6 and 7.3.3.4 respectively. Strain 
gage #4 is in excellent agreement with FEA but the strain gages at ±90° are slightly over predicted 
bv FEA.
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Figures 7.3.3.20 to 7.3.3.22 show the variation o f axial strains along the length o f the 
pipe. The membrane strain is high at the edge o f  the indenter having a value o f 120,000 ps in 
tension at d/D =  0.5. The axial strain in the bottom 6 c e  at the edge o f  the indenter has a  value of 
250,000 ps in tension. Two strain gages were installed on either side o f the center line o f the pipe 
at a distance o f  8.0 inches from the center ( strain #11 and strain #12) to measure axial strains at 
these points. Figure 7.3.3.9 shows the comparison o f these strain readings to those of FEA with 
respect to indenter displacement. The experimental values are lesser than the FEA strain values 
because friction was not considered in the analysis. Figures 7.3.3.23 to 7.3.3.25 show the 
variation o f  circiunferential strains along the length o f the pipe. Circumferential strain in the top 
face is high at the center (-155,000 ps) and in the bottom 6 c e  is high at the edge o f  the indenter 
(360,000 ps) a t d/D = 0.5. The membrane strain is also high at the edge of the indenter having a 
value o f 120,000 pe in tension at d/D = 0.5. Circumferential strain readings (top face) obtained 
from the experiment are compared to FEA results in Figure 7.3.3.13 at various indenter depths up 
to d/D = 0.25. Figure 7.3.3.26 shows the variation o f shear strain in the global xz direction and is 
maximum at the edge o f  the indenter having a  value o f -100,000 ps at d/D = 0.5.
Figures 7.3.3.27 to 7.3.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length of the pipe. The maximum von Mises stress is around 68,000 
psi at the center o f  the pipe. The von Mises membrane is high at 60°, having a value o f 55,000 psi. 
The variation along the length shows that the pipe material is beyond yield at least up to 22 inches 
from the center o f  the pipe at d/D = 0.5. The membrane is yielded only under the indenter at d/D = 
0.5.
Figures 7.3.3.31 and 7.3.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. The displacement in the 
vertical direction is almost constant along the length o f the indenter. The displaced shape of the
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pipe from FEA is shown in Figure 7.3.3.33. In the experiment, only the movement o f the indenter 
was measured precisely.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
418
Figure 7.3.1.1. 12 inch Diameter, 0.1875 inch Thick Mild Steel Pipe With End Plates Set up on 
the Bottom Platform and Indenter Mounted on the Top Head of the Tinius-Olsen Universal Testing 
Machine
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Figure 7.3.1,2. Schematic of Strain Gage Layout for Longitudinal Indentation on a 12 inch 
Diameter, 0.1875 inch Thick, Mild Steel Pipe With End Plates
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i
Figure 7.3.1.3. 12 inch Diameter. 0.1875 inch Thick Pipe with End Plates, in its Final Dented 
Shape at d/D = 0.5 (d - Indenter Displacement, D - Pipe Diameter)
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D E N I E R
E N D P L A T E
Figure 7.3.2.1. Finite Element Mesh o f the Indenter and tiie 12 inch Diameter. 0.1875 inch Thick. 
Pipe With End Plates for Longitudinal Indentation
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Figure 7.3.3.33. Displaced Shape o f a Longitudinally Dented 12 inch Diameter. 0,1875 inch 
Thick. Mild Steel Pipe With End Plates at d/D = 0.5 (d - Indenter Displacement. D - Diameter of 
Pipe)
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7.4. Longitudinal Denting of 8 inch Diameter, 0.125 inch Thick, Mild Steel Pipe With End 
Plates
7.4.1. Experiment
The importance o f  this experiment, is that it is not duplicated in the literature and the 6 c t  
that this mode o f loading resulted in the most severe loading causing damage to a  pipe with cover 
end plates as is the case o f  the nuclear waste storage containers (M FC’s). The 8 inch diameter, 
0.125 inch thick, mild steel pipe with 0.5 inch thick end plates was dented in the longitudinal mode 
using the MTS testing equipment. The pipe was supported on a  steel W 8 x 18 beam and 
supported from the top head o f the MTS. The indenter was mounted on the bottom head o f  the 
MTS testing equipment as shown in Figure 7.4.1.1. The pipe was welded to 0.5 inch thick end 
plates. The strain gages were installed at different locations on the pipe as shown in Figure
7.4.1.2. A strain gage layout similar to the one on the pipe without end plates was used. Strain 
gages were also placed on the end plates both in the vertical and horizontal direction. Strain gage 
at location #3, #6, #7, # 19 and #20 were damaged while installing the pipe on the MTS equipment. 
The indenter movement was controlled using the displacement mode o f the MTS at a  rate o f 
0.0005 inch/sec. The experiment had to be stopped when the dent depth was 1.5 inches, because 
lateral instability was noticed and the 3/4 inch rod at the bottom head started to bend. The rod was 
replaced with a new one and the indentation was performed up to a d/D ratio of 0.53, i.e., until the 
indenter reached a depth slightly above the radius of the pipe. The experiment had to be stopped 
at this stage because one edge of the indenter perforated the pipe. The perforated pipe is 
shown in Figure 7.4.1.3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
456
7.1.2. Finite Element Analysis
The finite element model o f a  8 inch diameter and 0.125 inch thick pipe with end plates for 
longitudinal indentation was created using Cosmos/M. The mesh consists o f  3031 elements and 
3055 nodes, the mesh elements have a uniform thickness-width-length ratio o f 1:1:1 where the 
indenter comes in contact with the pipe. This element aspect ratio is maintained constant in the 
axial direction up to 8 inches from the center o f the pipe and up to 15° in the circumferential 
direction since half the indenter is 7 inches long and the contact with the pipe will not be beyond 
15°, in the circumferential direction. The mesh elements are gradually elongated beyond 15°, in the 
circumferential direction, and beyond 8 inches in the axial direction. The mesh elements have a 
length to width aspect ratio o f 1.84 at 180° in the center o f the pipe and a length to width element 
aspect ratio of approximately 10 at the free end o f the pipe. Utilizing the symmetry o f the 
structure, only one quarter o f the pipe, indenter and end plate are modeled in the finite element 
analysis. The time-displacement curve and the stress-strain characteristics, given as input to the 
PEA run are shown and discussed in Chapter 5. The indenter has a larger mesh than the pipe, 
which is a requirement in Cosmos/M for convergence o f gaps. The pipe is used as the contactor 
and the indenter is used as the target when the gap surfaces are defined as in the previous cases for 
longitudinal indentation. Since the indenter is smooth and comes in contact with a smooth surface 
on the pipe, friction was neglected in the definition o f gaps. Soft (E = lOxlO’ psi) and thin (A = 0 .1 
sq. in.) truss elements are attached to the top of the indenter to prevent rigid body motion as 
explained in Chapter 5. The boundary conditions of the pipe arc similar to the other FE runs as 
explained in Chapter 6. The slope and the displacement are fixed as appropriate along the edges of 
symmetry. The bottom line of the pipe is fixed in all directions. Automatic time stepping was used 
in the analysis which required 121 time steps to solve the problem in approximately 28 hours of
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CPU time. The nonlinear analysis encountered convergence problems and had to be restarted after 
changing the 'k ’ parameter from 1 to 0.5. The problem took three days to run on a 133 Mhz 
Pentium Computer with 128 MB RAM.
7.4.3. Comparison o f Results
The increasing loads required to dent the pipe are recorded continuously from the MTS 
load cell during the entire denting process in the experiment. The corresponding loads from FEA 
are calculated using the sum o f forces at the closed gaps between the indenter and the pipe at 
different time steps (Figure 7.4.3.1). The loads increase up to 1 inch o f indentation and then 
flattens for another inch and again starts increasing. This is due to the fact that the indenter 
initially is in contact with the pipe only at the edges and gradually comes in contact with the pipe 
through its length. The sudden drop seen at 1.5 inches in the experimental load curve is when the 
experiment was stopped to replace the rod in the indenter. The experiment was continued 
further up to 4 inches after which one edge of the indenter perforated the pipe and the load 
started to decrease with increasing indenter displacement. The edge o f the indenter is at a 
distance o f 11 inches from the end plate. This distance is within 1.5 times the pipe diameter from 
the end plate. Therefore, the length of the indenter is not important. If the indentation occurs 
within 1.5 times the pipe diameter from the end plate and the dent depth is greater than the radius 
of the pipe the edge o f the indenter might cause failure in the pipe.
Figures 7.4.3.2 through 7.4.3.12 show comparison of strain results obtained from FEA to 
corresponding strains obtained experimentally from the strain gages installed on the pipe. Strain 
gages were mounted on either side of the indenter to check the symmetry o f loading. In general, the 
circumferential strains were in good agreement between the experiment and FEA but the axial
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strains were over predicted by FEA. This might be due to the fact that a larger aspect ratio was 
used in the axial direction for the mesh elements because o f the upper limit on the prescribed 
displacements. The axial strains are mostly due to membrane and because of the larger aspect 
ratio, the membrane stifiBiess is lower in FEA than the actual pipe. The circumferential strain at 
location # l is slightly over predicted by FEA. Strain gage #17, located at 90“ and center o f pipe 
and strain gage #18 located at 90° and 13 inches from center are very close to the FEA strain 
results indicating that the approximation due to boundary conditions at the bottom did not affect 
the strain results. However, if  the pipe had been indented further there might have been deviations 
in the strains between the experiment and FEA. This deviation was seen beyond 4 inches o f 
indentation in the 8 inch diameter pipe without end plates. The cormection in strain gage #8 was 
impaired and when the experiment was restarted at 1.5 inches this connection was soldered again. 
The jump in the strain readings in Figure 7.4.3.8 is because of this resoldering. The strain gages 
on the end plate at locations #21 and #24 in the horizontal direction registered very low values as 
expected. FEA predicts higher values at this point. The strains in the vertical direction at 
locations #22 and #23 follow FEA strain values closely as seen from Figure 7.4.3.12. These 
values are beyond yield indicating that the end plate has deformed plastically in bending.
Figure 7.4.3.13 shows comparison of circumferential strain readings (top fece) from 
experiment and FEA at various dent depths along the top longitudinal axis o f the pipe up to d/D = 
0.5. Two strain gages were placed on either side o f the center line, one at 8 inches and another at 
13 inches from the center o f the pipe. The strain gage on one side o f  the pipe at 13 inches was 
damaged. The comparison is good between the experiment and FEA on one side of the pipe. The 
circumferential strain is highest at the center of the pipe having a value o f  180,000 ps at d/D = 0.5. 
Wlicn d/D = 0.125. the circumferential strain at the center of the pipe is about 120,000. After d/D 
= 0.25, the strain is higher at the center and decreases along the length up to 7 inches and then
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there is a  sharp rise in strain at the edge of the indenter. This sharp rise is not very high as 
compared to tlie pipe without end plates. When the pipe comes in contact with the entire length o f 
the indenter. the central strain increases more rapidly than the strain at the edge o f the indenter. 
This is observed in the behavior o f  the strain gages at location #1, Figure 7.4.3.2 where the central 
strain increases rapidly after 1.5 inches o f indentation, and at location #13, Figure 7.4 3.9, where 
the strain increases rapidly initially and then increases only moderately in the deep yield region.
Figure 7.4.3.14 to 7.4.3.16 show the axial strains obtained from FEA at the center o f the 
pipe and plotted around the circumference. The axial strains from the top face and the bottom fiice 
are almost identical indicating that the strain contribution is mostly due to membrane rather than 
bending. Strain gages were placed at the center line o f the pipe to measure axial strains, one at 15° 
from the top (strain #4) and two at ±90° from top on either side o f  the indenter (strains #19 and 
#20). Both strain gages at locations #19 and #20 were damaged. The variation o f  strain gage #4 
with increasing indenter displacement arc compared to those from FEA in Figure 7.4.S.5. FEA 
strain prediction is higher because o f tlie membrane effect discussed earlier. The membrane is 
initially in compression and then goes into tension when d/D = 0.25. The maximum membrane 
strain is at 90° having a  value o f 22,500 pe in compression. Figures 7.4.3.17 to 7.4.3.19 show the 
circumferential strains obtained from FEA at the center o f  the pipe and plotted around the 
circumference. The opposite nature o f the top face and the bottom face circumferential strains 
indicate that most of the strain contribution is due to bending although membrane has yielded at the 
center o f the pipe. The strains are very high in the region o f contact having a value o f 175,000 pe 
at the top o f the pipe. Strain gages were placed at the center line o f the pipe to measure 
circumferential strains, one at 15° from the top (strain #5) and two at ±90° from top on either side 
o f the indenter (strains #3 and #17). Strain gage at location #3 was damaged. Tlie variation o f 
these experimental strain readings with increasing indenter displacement are compared to those
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from FEA in Figures 7.4.3.6 and 7.4.3.4 respectively. Strain gage #17 shows good agreement with 
FEA while strain values at location #5 is over predicted by FEA due to the neglect o f friction 
forces.
Figures 7.2.3.20 to 7.2.3.22 show the variation of axial strains along the length o f  the 
pipe. The membrane strain at the edge of the indenter has a value of 325,000 pe in tension at d/D = 
0.75. The axial strain in the bottom face a t the edge of the indenter has a  value o f 425,000 pe in 
tension. Two strain gages were installed on either side of the center line o f  the pipe at a distance o f
8.0 inches from the center ( strain #11 and strain #12) to measure axial strains at these points. 
Figure 7.4.3.10 shows the comparison o f these strain readings to those o f  FEA with respect to 
indenter displacement. Again the axial strains are slightly over predicted by FEA. Figures 7.4.3.23 
to 7.4.3.25 show the variation of circumferential strains along the length o f the pipe. 
Circumferential strain has high values in the top face (-180,000 pe) at the center and in the bottom 
face (450.000 pc) at the edge o f the indenter when d/D = 0.75. The membrane strain is also high 
at the edge of the indenter having a value o f 200,000 pc in tension at d/D = 0.75. Circumferential 
strain readings (top face) obtained from the experiment are compared to FEA results in Figure 
7.2.3.13 at various indenter depths. Figure 7.4.3.26 shows the variation of shear strain in the 
global xz direction and is maximum at the edge o f the indenter having a value of -225,000 pe at 
d/D = 0.75.
The pipe was perforated by the indenter at d/D = 0.53, in the experiment. The
principal stresses were obtained from FEA at this stage and were found to be 66,700 psi which is 
higher than the ultimate strcngtli o f 62,500 defined in the material property input for the analysis. 
Thus FEA predicts a higher stress than the ultimate strength of the material indicating failure at the 
edge o f the indenter.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
461
Figures 7.2.3.27 to 7.2.3.30 show the von Mises stress plots from FEA around the 
circumference and along the length o f  the pipe. The maximum von Mises stress is around 60,000 
psi at the center of the pipe. The von Mises membrane stress is high at 75° having a  value of
48,000 psi which is above yield stress. The stress variation along the length shows that the pipe 
material is beyond yield through the entire length of the pipe at d/D = 0.75. However there is a 
stress relaxation in the middle o f the pipe between 9 and 12 inches after d/D =  0.625 as seen in 
Figure 7.4.3.29. The entire plate has yielded when d/D = 0.75 thus forming a horizontal plastic 
hinge line at the center o f the plate and allows the plate to rotate about this hinge line reducing the 
stresses in the pipe under the indenter and beyond the contact o f the indenter. The axial 
displacement and the rotation at the top edge o f the end plate is plotted with progressive indenter 
displacement in Figures 7.4.3.33 and 7.4.3.34 respectively. As the dent progresses, beyond a 
displacement o f 4 inches, there is a sharp increase in the displacement and the rotation values. 
This is due to the complete plastification o f the end plate thus eventually forming plastic regions 
and allowing the plate to rotate. In the experiment, the indenter perforated the pipe before this 
stage o f displacement. However, there is no failure defined in FEA and therefore FEA cannot 
recognize any failure and proceeds to analyze the problem further. The von Mises membrane 
stress has a value of 50,000 psi a t the center of the pipe at d/D = 0.625, which is above yield 
stress.
Figures 7.4.3.31 and 7.4.3.32 show the displacement from FEA in the vertical direction 
around the circumference and along the length o f the pipe respectively. Tlie displacement in the 
vertical direction is almost constant along the length of the indenter. In the experiment, only the 
movement o f the indenter was recorded precisely.
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,
Figure 7 4 11 X inch Diameter. 0 125 inch Duck Mild Steel Pipe With End Plates Set up on the 
MTS Testing Equipment for Longitudinal Denting
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Figure 7 4 1.3 Perforated 8 inch Diameter. 0 125 inch Duck Mild Steel Pipe with End Plates at a 
Dent Depth o f 4 2 inches
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VOOO
CH APTER 8
EFFECT O F ASPECT RATIO, LOADING AND BOUNDARY CONDITIONS ON TH E 
STRESS/STRAIN STATE IN A DENTED PIPE
8.0 Perforation Failure in the 8 inch Diameter Pipe with End Plates
The 8 inch diameter pipe with end plates was perforated by the indenter in the experiment, 
when the indenter was placed longitudinally. The indentation was at a  depth equal to 4.2 inches 
(d/D = 0.53) when the pipe was perforated. The sharp edge of the indenter penetrated into the pipe 
material and caused the 6ilure. The principal stress values obtained from FEA were beyond the 
ultimate strength o f the material indicating failure. Therefore, a pipe with end plates having a 
similar aspect ratio (D/t = 64, L/D = 4.5) as that o f the pipe tested, if  dented longitudinally to a 
depth greater than its radius might undergo feilure. The ultimate strength o f the 3I6L  stainless 
steel Multipurpose Canister (MPC) proposed by the Department o f Energy is 81,000 psi. With a 
linear interpolation the dent depth for the MPC with similar loading conditions can be predicted at 
d/D = 0.69.
8.1. Comparison of Stress and Strain Due to Deep Transverse Denting
The stress and strain states of a short dented pipe obtained from the expenment and from 
FEA were compared to each other in the previous chapter. One of the objectives o f this research is 
to vcrifr the strain pattern due to deep denting o f short steel pipes from two geometncaily different
499
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
500
the radius o f the pipe. The 12 inch diameter pipe was indented only up to a  depth o f 0.5D and the 
indenter's edge was located fer away from the end plate and hence there was no perforation seen in 
that test case.
8.1. Comparison of Stress and Strain Due to Deep Transverse Denting
The stress and strain states o f a short dented pipe obtained from the experiment and from 
FEA were compared to each other in the previous chapter. One o f the objectives o f this research is 
to verify the strain pattern due to deep denting of short steel pipes from two geometrically different 
pipes having similar aspect ratios. The 12 inch and the 8 inch diameter pipes have a D/t aspect 
ratio o f 64, where D is the diameter and t is the thickness of the pipe. Similarly, L/D ratio for the 
12 inch diameter pipe is 5.0 and for the 8 inch diameter, the ratio is 4.5, L being the length o f the 
pipe. Comparisons are made between the two stress distribution patterns and the two strain 
distribution patterns obtained from the 8 inch and the 12 inch diameter cylinders. Results with and 
without end plates are discussed in the first two sections. The effect o f  end plates on the stress and 
strain, and the effect o f loading at quarter point of dented pipes are discussed in the further 
sections.
8.1.1. Comparison of Stress and Strain Between the 12 inch and the 8 inch Diameter Pipes 
Due to Deep Transverse Denting at Center
8.1.1.1. Pipes Without End Plates
The strain obtained from the 12 inch diameter and the 8 inch diameter pipe show similar 
pattern o f results at various dent depths as can be seen from Chapters 6.1 and 6.2. The effect o f 
approximating the boundary conditions at the bottom of the pipe is pronounced in the 8 inch
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diameter pipe because denting was performed in this case beyond the radius o f the pipe (d/D = 
0.75). A comparison o f  maximum strains under the indenter both in the axial and circumferential 
direction are shown in Table 8.1.1.1. The maximum strains occur at the same location around the 
circumference for d/D = 0.25 and 0.5, but the maximum difference in magnitude is about 32%. 
Similar aspect ratios in two shells o f different sizes and thickness do not require that the strain 
magnitude developed under similar loading conditions will be the same especially under severe 
nonlinear conditions. It is however, reasonable to expect similar strain patterns to develop in the 
two shells o f the same aspect ratios, which we have been able to prove in this research.
The 12 inch and the 8 inch pipes show that the axial strain along the length o f  the pipe is 
mostly due to bending. Tlie circumferential membrane strain changes from compression to tension 
at a  distance of 0 .16L/2 from the center in both the cases. The Von Mises stress results from both 
the cases showed that the pipe had yielded on the top along the 0*̂ line up to 0.6L/2 on either side o f 
the indenter at d/D = 0.5. The bottom o f the pipes are under complete yield in both the pipes. The 
stresses in the waist region o f the shell at 90° are beyond yield throughout the entire length o f  the 
pipe at d/D = 0.5. An extensive yield zone was observed in both the 12 inch and the 8 inch 
diameter pipes.
8.1.1.2. Pipes With End Plates
The strain obtained from the 12 inch diameter and the 8 inch diameter pipe show similar 
pattern o f results at various dent depths as can be seen from Chapters 6.3 and 6.4. The strains 
around the circumference exhibit similar behavior in both the 12 inch and the 8 inch diameter 
pipes; the circumferential strains are compressive at center and are tensile away from the center, 
the axial strains are tensile at the center of the pipe and start to go compressive around the 
circumference of the pipe. A comparison of maximum strains under the indenter both in the axial
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and circumferential direction are shown in Table 8.1.1.2. The maximum strains occur at the same 
location around the circumference for d/D = 0.25 and 0.5. with a maximum difference in 
magnitude o f  about 14%.
The 12 inch and the 8 inch pipes with end plates show that the axial strain along the length 
o f  the pipe is mostly due to bending. The circumferential membrane strain changes from 
compression to tension at a  distance o f 0.16L/2 from the center in both the cases. The Von Mises 
stress results from both the cases showed that the pipe had yielded on the top along the 0° line up to 
0.6L/2 on either side o f the indenter at d/D = 0.5. The pipes show yielding along the bottom line. 
An extensive yield zone was observed for both the 12 inch pipe and the 8 inch pipes.
8.1.2. Effect of End Plate on Strains Due to Deep Transverse Denting at Center
The energy required to dent the pipes with end plate increases considerably compared to 
that o f  the pipe without end plates. A comparison o f the energies recorded from the experimental 
load-displacement curve is given in Table 8.1.2. The table shows that the percentage increase in 
energy between the pipes without end plates and with end plates for the 12 and 8 inch diameter 
pipes are the same. The increase in energy at d/D = 0.25 is approximately 17% and at d/D = 0.5 is 
approximately 20%. The increase in energy can be attributed to the energy required to bend the 
end plates and additional bending around the end plates.
The increase in the axial and circumferential strains due to the addition of end plates can 
be seen in Figures 8.1.2.1 to 8.1.2.4 at d/D = 0.5. The increase in the axial strain in the 8 inch and 
the 12 inch diameter pipe is of the same proportion both in the top face and the membrane. The 
increase in the circumferential strain (top face) is considerably higher in the 8 inch diameter pipe 
than the 12 inch diameter pipe. Tlie opposite behavior is seen in the case of circumferential
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
503
membrane strain, where the increase in the 12 inch diameter pipe is considerably higher than the 8 
inch diameter pipe. This is because the plate is much closer to the indenter in the case of the 8 inch 
pipe thus having a greater stiffening effect on bending under the indenter. When the end plate is far 
from the indenter, bending resistance o f the pipe is smaller and the membrane action carries a 
larger portion o f the load.
8.1.3. Comparison of Stress and Strain Between the 12 inch and the 8 inch Diameter Pipes 
Due to Deep Transverse Denting at Q uarter Point
The strain obtained from the 12 inch diameter and the 8 inch diameter pipe show similar 
pattern of results at various dent depths as can be seen from Chapters 6.5 and 6.6. The strains 
around the circumference exhibit similar behavior in both the 12 inch and the 8 inch diameter 
pipes; the axial and the circumferential strains are mostly due to bending and to a much lesser 
extent due to membrane action. A comparison o f maximum strains under the indenter both in the 
axial and circumferential direction arc shown in Table 8.1.3. The maximum strains occur at the 
same location around the circumference for a denting ratio o f d/D = 0.25. with a maximum 
difference in magnitude of about 20%. Finite element analysis ran up to d/D = 0.33 for the 12 inch 
diameter and d/D = 0.48 for the 8 inch diameter respectively. Therefore, the strain values are 
compared only at d/D = 0.25.
The 12 inch and the 8 inch pipes with end plates and loaded at quarter point show that the 
axial strain along the length o f  the pipe is mostly due to bending. The circumferential membrane 
strain changes from compression to tension at a distance of one-third the length from the indenter 
to the closer end plate and one-tenth the length from the indenter to the far end in both the cases. 
The Von Mises stress results from both the cases showed that the pipe had yielded on the top along
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
504
the 0° line from the indenter location to the far end. On the other side, from the indenter towards 
the near end plate, the yielding along the top line is only up to two-thirds the length from the 
indenter to the end plate. However, this result is obtained from FEA where the far end was 
modeled to have complete fixity instead of modeling the end plate. The pipes show yielding along 
the bottom line of the pipe, where an extensive yield zone was observed for both the 12 inch pipe 
and the 8 inch pipes, over the supporting I beam.
8.1.4. Effect of Transverse Indentation at Q uarter Point Compared to Indentation at Center 
of Pipe
Loading at quarter point for a pipe with end plates had a similar behavior in the stress and 
strain pattern under the indenter. As the dent progresses the maximum axial and circumferential 
strain values increase around the circumference in bending. Membrane is high in the axial and 
circumferential directions at the edge of the indenter. A comparison of the energy obtained from 
the 12 and 8 inch diameter pipes for central loading and quarter point loading is shown in Table
8.1.4. The table shows comparative energy values at dent depth ratios of d/D = 0.25 and d/D = 
0.5. There is no increase in energy' for the 12 inch diameter between the two cases. The increase 
in energy for the 8 inch diameter is 7.6% at d/D = 0.25 and 13.85% at d/D = 0.5 respectively. In 
both the 12 and 8 inch diameter pipes, 0.5 inch thick end plates were used. The 8 inch diameter 
pipe has a thickness of 0.125 inch and the ratio of thickness of the end plate to the thickness o f  the 
pipe IS 4. If a 0.75 inch thick end plate had been welded to the ends of the 12 inch diameter pipe, 
giving it the same plate to pipe thickness ratio of 4. then an energy increase could have been 
observed w ith a quarter point loading in the 12 inch diameter pipe.
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Figures 8.1.4.1. and 8.1.4.2. show the circumferential strain obtained from FEA in the top 
face and membrane for the 12 inch and 8 inch diameter pipes under center point and quarter point 
indentations. The figures show an increase in the circumferential strains from central point loading 
to quarter point loading at the same location in both the pipes.
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Table 8.1.1.1. Comparison o f Maximum Strain Under the Indenter Obtained From FEA Between 
the 12 inch and the 8 inch Diameter Pipes Without End Plates Due to Deep Transverse Denting at 
Center (d - Indenter Displacement, D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Direction Axial Circumferential Axial Circumferential
(M£) (P£) (he) (he)
12 inch Diameter -177,800 -24,620 -352,700 -89,410
Pipe (Top Face, 30“) (Bottom Face. 60°) (Top Face. 60°) (Bottom Face, 75°)
8 inch Diameter -156,800 -19,760 -301,000 -60,600
Pipe (Top Face, 30°) (Bottom Face. 60°) (Top Face. 60°) (Bottom Face, 75°)
Percentage
Difference
11.8% 19.7% 14.6% 32.2%
Table 8.1.1.2. Comparison o f Maximum Strain Under the Indenter Obtained From FEA Between 
the 12 inch and the 8 inch Diameter Pipes With End Plates Due to Deep Transverse Denting at 
Center (d - Indenter Displacement, D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Direction Axial Circumferential Axial Circumferential
(he) (he) (he) (he)
12 inch Diameter -296,200 -60.020 -434.000 130,500
Pipe (Top Face. 45°) (Bottom Face, 60°) (Top Face, 60°) (Top Face, 75°)
8 inch Diameter -276,800 -70.090 -400,300 140,000
Pipe (Top Face, 45°) (Bottom Face. 60°) (Top Face. 60°) (Top Face. 75°)
Percentage
Difference
6.5% 14.36% 7.7% 6.7%
Table 8.1.2. Comparison o f Energies Recorded from the Experimental Load-Displacement Curve 
Between the 12 inch and the 8 inch Diameter Pipes Without End Plates and With End Plates Due 
to Deep Transverse Denting at Center (d - Indenter Displacement, D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Energy (kip inches) Energy (kip inches)
End Condition Without 
End Plate
With End 
Plate
Percentage
Increase
Without 
End Plate
With End 
Plate
Percentage
Increase
12 inch 
Diameter Pipe
40,21 47.00 16.88% 102.83 123.87 20.46%
8 inch 
Diameter Pipe
11.00 12.87 17.0% 27.81 33.57 20.71%
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Table 8.1.3. Comparison o f Maximum Strain Under the Indenter Obtained From FEA Between the 
12 inch and the 8 inch Diameter Pipes With End Plates Due to Deep Transverse Denting at 
Quarter Point (d - Indenter Displacement, D - Pipe Diameter)
d/D == 0.25
Direction Axial Circumferential
(pe) (ps)
12 inch Diameter Pipe -198,000 -99,600
(Top Face, 45°) (Bottom Face, 60°)
8 inch Diameter Pipe -158,200 -106,000
(Top Face. 45°) (Bottom Face, 60°)
Percentage Difference 20.1% 6.04%
Table 8.1.4. Comparison o f Energies Recorded from the Experimental Load-Displacement Curve 
Between the 12 inch and the 8 inch Diameter Pipes With End Plates Due to Deep Transverse 
Denting at Center and at Quarter Point (d - Indenter Displacement, D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Energy (kip inches) Energy (kip inches)
Load
Condition
Center
Point
Quarter
Point
Percentage
Increase
Center
Point
Quarter
Point
Percentage
Increase
12 inch 
Diameter Pipe
47.00 46.98 0.0% 123.87 123.7 0.0%
8 inch 
Diameter Pipe
12.87 13.86 7.6% 33.57 38.22 13.85%
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8.2. Comparison of Stress and Strain Due to Deep Longitudinal Denting
The longitudinal denting mode was performed on both the 12 inch and 8 inch diameter 
pipes with and without end plates. Our literature review showed that this denting mode had not 
been studied in the past. The aim was to study the effect of this denting mode and the influence of 
welded end plates when added, on the stress and strain behavior at the center o f  the pipe, the edge 
o f  the indenter and in the plates. Comparison between the strains obtained from the 12 inch 
diameter pipes to the strains from the 8 inch diameter pipe are discussed in this section. The 
indenter was 14 inches long and the ratio o f indenter length to the pipe length was larger in the 8 
inch diameter pipe than the 12 inch diameter pipe.
8.2.1. Comparison of Stress and Strain Between the 12 inch and the 8 inch Diameter Pipes 
Due to Deep Longitudinal Denting, W ith and W ithout End Plates
8 2.1.1. Pipes Without End Plates
The 12 inch and the 8 inch diameter pipe exhibited the same type o f behavior in the 
longitudinal mode except at the center. At the center of the pipe at the top 0“ line, where the 
indenter comes in contact with the pipe, the top face is in compression having a lower value than 
the strain values at the edges at the initial stages of denting and increases in compression to higher 
values than the edges with further denting in the 12 inch diameter pipe (Figure 7.1.3.14). This 
behavior is not seen in the 8 inch diameter pipe; the strain in that location is in compression and 
increases to a certain extent but the strain remains at the same level with the edges due to further 
denting (Figure 7.2.3.14). Tlie FEA results showed that deformation in the pipe under the indenter 
in the final stages of denting is higher at the center and lesser at the edges in the 12 inch diameter 
pipe while in the 8 inch diameter pipe, the deformation is same at all the nodes under the indenter at
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the final stages o f denting. This is due to the fact that the 8 inch diameter has a larger ratio o f 
indenter length to pipe length than the 12 inch diameter pipe.
The 8 inch and the 12 inch diameter pipes show that the axial strains at the center o f  the 
pipe are mostly due to membrane and to a much lesser degree due to bending. The axial membrane 
stress is initially in compression and goes to tension with further denting in both the cases but at 
different dent depths. The 12 inch diameter pipe goes to tension when d/D = 0.25 while the 8 inch 
diameter pipe goes to tension when d/D = 0.5. Similarly, both the pipes show that the 
circumferential strains at the center of the pipe is due to bending and to a  much lesser degree due to 
membrane. The circumferential strains increase only moderately from the iriitial values because 
the pipe conforms to the shape of the indenter and does not change shape thereafter under the 
indenter. This is exhibited in both the pipes as shown in Table 8.2.1.1.1.
The strain behavior is similar in both the 12 inch and the 8 inch diameter pipe along the 
top axis o f  the pipe. A comparison of the strains at the edge o f the indenter is shown in Table
8.2.1.1.2. a t denting stages d/D = 0.25 and d/D = 0.5. The maximum circumferential and axial 
strains are in the bottom face of the indenter in both the cases. The shear strain is almost the same 
in both the cases at both the denting stages.
The von Mises stress plots showed that both the pipes have yielded on tlie top 0"̂  line 
through their entire length at d/D = 0.5.
8.2.1.2. Pipes With End Plates
The expenmenial and finite element analysis o f longitudinal deep denting o f the 12 inch 
diameter and the 8 inch diameter pipes with end plates is described in Chapter 7 in Sections 7.3 
and 7.4 respectively. A strain comparison between the two test cases show similar behavior up to 
d/D = 0 .5 . The strain at the center of the pipe is moderate at the initial stages and then increases
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rapidly when the indenter is in full contact with the pipe. The strain at the edge o f the indenter 
increases rapidly initially and then shows a moderate increase because the indenter comes into 
contact with the pipe at the edges initially. Both the 12 inch diameter pipe and the 8 inch diameter 
pipe showed that the axial membrane strain dominated more than bending at the center of the pipe. 
Similarly, the circumferential bending strains dominated more than membrane at the center o f the 
pipe which is logical given the shape of the dent. In the experiments, the 12 inch diameter pipe was 
dented only up to d/D of 0.4 because the capacity of the Tinius-Olsen testing equipment was 
limited to a maximum o f 30,000 lbs. The 8 inch diameter was dented beyond d/D = 0.5 but in the 
experiment, the indenter perforated the pipe close to one edge.
The axial and circumferential strains at the center of the pipe at 0“ for the 12 inch diameter 
and the 8 inch diameter pipes with end plates are compared in Table 8.2.12.1. Both the 12 and the 
8 inch diameter pipes show low values o f axial strain at the center mainly due to membrane and a 
much lesser degree due to bending. There is only a  slight increase in the circumferential strain in 
both the cases from d/D = 0.25 to d/D = 0.5 because the indenter conforms to the pipe and does not 
change shape after the initial stages in the circumferential direction.
The strains at the edge of the indenter at 0*̂ for the 12 inch diameter and the 8 inch 
diameter pipes with end plates are shown in Table 8.2.1.2.2. The strains in the 8 inch diameter 
pipe is slightly higher at d/D = 0.5. while the strains are the same for both the pipes at d/D = 0.25 
in the axial and circumferential direction. The maximum strain occurs in the bottom face o f the 
pipe in both the cases. The shear strain at the end o f the indenter increases by a considerable 
amount in the 8 inch diameter pipe than the 12 inch diameter pipe from d/D = 0.25 to d/D = 0.5 
because the end plates are closer to the edge o f the indenter in the 8 inch diameter pipe.
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8.2.2. EfTect of End Plate on Strains Due to Deep Longitudinal Denting
The energy required to dent the pipes with end plate increases considerably compared to 
that o f the pipe without end plates. A comparison o f the energies recorded from the experimental 
load-displacement curve is given in Table 8.2.2. The energy at d/D = 0.5 for the 12 inch diameter 
pipe with end plate is obtained from FEA because the experimental denting was performed only up 
to d/D = 0.4. The table shows that the percentage increase in energy for the 12 and 8 inch diameter 
pipes are not the same. The increase in energy at d/D = 0.25 is approximately 19% and at d/D = 
0.5 is approximately 38% for the 12 inch diameter pipe. The increase in energy at d/D = 0.25 is 
approximately 58% and at d/D = 0.5 is approximately 86% for the 8 inch diameter pipe. The 
increase in energy can be attributed to the energy required to bend the end plates and to the 
development of additional plastic hinges in the pipe due to the end conditions produced by the 
welded plate. The difference in the increase of energy between the two pipes is due to the fact that 
the indenter length to pipe length ratio was larger in the 8 inch diameter pipe.
The axial strains increase, but not substantially, with the addition of the end plate. The 
circumferential strains at the center of the pipe are compared in Figure 8.2.2.1. for the 12 and 8 
inch diameter pipes with and without end plates. The strains are maximum at the 0°, where the 
indenter comes in contact with the pipe. The strain is lower in the 8 inch diameter pipe without end 
plates than the 12 inch diameter pipe. With the addition of end plate the circumferential strain in 
the 8 inch diameter pipe becomes higher than the 12 inch diameter pipe. A similar substantial 
increase in circumferential strain for the 8 inch diameter pipe can be seen at the edge o f  the 
indenter in Figure 82.2.2. The shear strain at the edge of the indenter is almost the same for the 8 
and 12 inch diameter without end plates as shown in Figure 8 2.2.3.. The addition of end plate 
increases the shear strain in both the cases considerably, with a more prominent increase in the 8
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inch diameter pipe than the 12 inch diameter pipe, because the indenter to length ratio is larger for 
the 8 inch diameter pipe than the 12 inch diameter pipe.
The 8 inch diameter pipe with end plates failed when the indenter perforated at a  dent 
depth o f  4.2 inches which is equal to d/D = 0.53. Since no feiiure criterion is defined in the FEA 
model, the analysis proceeded up to d/D = 0.75. It is interesting to note that stress relaxation 
occurred beyond d/D = 0.75, thus reducing the von Mises stress beyond d/D =  0.5 as seen in 
Figure 7.4.3.29 in the previous chapter. Stress relaxation occurs after d/D = 0.5 in the pipe with 
end plates, when the entire end plate becomes bent, goes beyond yield and forms plastic hinge 
regions. These plastic hinges allows the end plate to rotate causing the stress relaxation. A 
comparison o f the displacement o f the top node at the end o f the pipe in the axial direction between 
the 8 inch diameter pipe without end plates and the pipe with end plates is shown in Figure S.2.2.4. 
A rapid increase in displacement is seen in the pipe with end plates indicating the formation o f a 
plastic hinge.
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Table 8.2.1.1.1. Comparison o f Maximum Strain Under the Indenter Obtained From FEA Between 
the 12 inch and the 8 inch Diameter Pipes Without End Plates Due to Deep Longitudinal Denting 
(d - Indenter Displacement, D - Pipe Diameter)
d/D == 0.25 dÆ> = 0.5
Direction Axial Circumferential Axial Circumferential
W (pe) (UE) (me)
12 inch Diameter 2,170 -112,000 5,510 -116,000
Pipe (Bottom Face, 0°) (Top Face, 0°) (Bottom Face, 0®) (Top Face, 0®)
8 inch Diameter -1,188 -79,430 1,260 -89,900
Pipe (Top Face, 0°) (Top Face, 0°) (Bottom Face, 0®) (Top Face, 0®)
Table 8.2.1.1.2. Comparison o f Maximum Strain at the Edge o f the Indenter Obtained From FEA 
Between the 12 inch and the 8 inch Diameter Pipes Without End Plates Due to Deep Longitudinal 
Denting (d - Indenter Displacement, D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Direction Axial Circum­ Shear Axial Circum­ Shear
(ps) ferential Y.« (me) ferential Yxz
(PE) (me) (ME) (me)
12 inch 107,000 218,000 -20,400 119,000 239,000 -24,800
Diameter (Bottom (Bottom (Bottom (Bottom
Pipe Face) Face) Face) Face)
8 inch 46,700 152,000 -19,500 63,500 190,000 -23,200
Diameter (Bottom (Bottom (Bottom (Bottom
Pipe Face) Face) Face) Face)
Table 8.2.1.2.1. Comparison of Maximum Strain Under the Indenter Obtained From FEA Between 
the 12 inch and the 8 inch Diameter Pipes With End Plates Due to Deep Longitudinal Denting (d - 
Indenter Displacement. D - Pipe Diameter)
d/D == 0 .25 d/D = 0.5
Direction Axial Circumferential Axial Circumferential
(me) (me) (me) (me)
12 inch 6.060 -146.000 12.500 -154.000
Diameter Pipe (Bottom Face. 0®) (Top Face. 0®) (Bottom Face. 0®) (Top Face. 0®)
8 inch 2.529 -160,300 10.500 -177.100
Diameter Pipe (Bottom Face. 0®) (Top Face. 0®) (Bottom Face. 0®) (Top Face. 0®)
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Table 8.2.1.2.2. Comparison o f Maximum Strain at the Edge of the Indenter Obtained From FEA 
Between the 12 inch and the 8 inch Diameter Pipes With End Plates Due to Deep Longitudinal 
Denting (d - Indenter Displacement. D - Pipe Diameter)
d/D = 0.25 d/D = 0.5
Direction Axial Circum­ Shear Axial Circum­ Shear
(ME) ferential (MG) ferential Yxz
(me) (me) (ME) (me)
12 inch 144,000 258,000 -82,100 250,000 360,000 -94,000
Diameter (Bottom (Bottom (Bottom (Bottom
Pipe Face) Face) Face) Face)
8 inch 145,000 258,000 -31,100 230,000 420,000 -174,000
Diameter (Bottom (Bottom (Bottom (Bottom
Pipe Face) Face) Face) Face)
Table 8.2.2. Comparison o f Energies Recorded from the Experimental Load-Displacement Curve 
Between the 12 inch and the 8 inch Diameter Pipes Without End Plates and With End Plates Due 
to Deep Longitudinal Denting (d - Indenter Displacement D • Pipe Diameter)
d/D = 0.25 d/D = 0.5
Energy (kip inches) Energy (kip inches)
End Condition Without 
End Plate
With End 
Plate
Percentage
Increase
Without 
End Plate
With End 
Plate
Percentage
Increase
12 inch 
Diameter Pipe
43.64 51.80 18.7% 109.02 150.88
(FEA)
38.4%
8 inch 
Diameter Pipe
11.55 18.3 58.0% 26.30 48.98 86.0%
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CHAPTER 9
CONCLUSIONS
Three deep denting modes o f mild steel pipes have been investigated using experimental 
and numerical techniques. Two denting modes were in the transverse direction of the pipes at 
midpoints and quarter points, the third is a longitudinal denting mode. Previously, researchers have 
reported the effects o f dents in pipes on the axial capacity and internal pressure resistance o f  pipes. 
However, a direct comparison o f experimental strain readings and FEA strain results were not 
reported for denting o f pipes. In this dissertation, experimental verifications o f  the ability o f  FEA 
to duplicate the behavior o f pipes subjected to deep denting have been performed. Two dififerent 
pipe sizes, a 12 inch diameter pipe and an 8 inch diameter pipe were tested and analyzed by finite 
element analysis under transverse and longitudinal indentation modes. The end conditions were 
varied by having free ends and welded end plates. Results obtained from experimental strain 
readings were compared to those obtained from finite element analysis, for the various denting 
modes and end conditions. It is observed that pipes having similar aspect ratios and end conditions 
exhibit similar stress and strain pattern. The increase in energy absorption was found to be 20% 
with the addition o f  end plates in the case o f transverse indentation when denting depth was equal 
to the radius o f the pipe for both the 12 and 8 inch diameter pipes. The increase in energv' 
absorption was found to be 38% for the 12 inch diameter pipe and 86% for the 8 inch diameter 
pipe with the addition of end plates in the case of longitudinal indentation. The higher
525
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percentage increase in the 8 inch diameter pipe is due to the fact that the indenter to pipe length 
ratio is higher for the 36 inch long, 8 inch diameter pipe than the 60 inch long, 12 inch diameter 
pipe.
Perforation failure was observed in the experiment for an 8 inch diameter pipe with end 
plates during longitudinal indentation. This longitudinal indentation mode has not been 
investigated by other researchers. Finite element analysis was able to duplicate this failure by 
predicting principal stresses that are higher in magnitude than the laboratory measured ultimate 
strength o f  the pipe material. This draws an important conclusion that a pipe with end plates, 
having a similar diameter to thickness aspect ratio o f 64 and length to diameter ratio o f  4.5, might 
undergo failure due to perforation by the edge o f a longitudinally applied indenter. Since the edge 
o f the indenter causing the failure was within one and a half pipe diameters from the end plate, it 
may be concluded that an edge of a longitudinal indenter may cause failure in a pipe or canister, 
provided that the edge is within one and a half pipe diameters from the end plate. No such 
perforation failure was observed for pipes without end plates.
Boundary conditions were proven to play a major role in the strain patterns obtained from 
FEA and experimental measurements o f deeply dented pipes. Experimental strain gage readings 
were higher in the transverse denting modes than strain results obtained from FEA beyond 90° (the 
pipe waist) around the circumference. Due to the limitations on the use o f gap elements in FEA 
models, only the gap between the indenter and the pipe was modeled, however, in the actual 
experiment, contact areas are not only established between the indenter and the pipe, but also 
between the supporting beam and the pipe at the bottom. Since these contact areas on the bottom 
of the pipe were not modeled in FEA. the rotations predicted by FEA were low er than actual at 90° 
thus, reducing the overall strains at that location. Owing to this limitation in modeling, FEA under 
predicted the total energy absorption o f the pipes when compared to the expenmental values. The
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energy predicted by FEA was lower by 4.5% for the 12 inch diameter pipes with and without end 
plates due to transverse indentation at a dent depth to diameter ratio of 0.5. The energy predicted 
by FEA was lower by 11% for the 8 inch diameter pipe without end plates and 2.9% for the pipe 
with end plates at a dent depth ratio of 0.5.
Friction was neglected between the indenter and the pipe in the longitudinal mode of 
indentation. This resulted in substantial deviations in the axial strains obtained from FEA when 
compared to those from experiments. However, the effect of friction was only observed in the 
pipes with end plates. When friction is included in the gap elements in FEA, it added another level 
of nonlinearity to the analysis and prevented convergence in the highly nonlinear analysis.
The analysis of pipes with end plates by FEA due to transverse indentation at quarter point 
resulted in a large structural stifGiess matrix and caused serious numerical convergence problems. 
Therefore the far end plate was removed in the model and the pipe was fixed completely around the 
circumference to reduce the size of the stiffriess matrix. This resulted in substantial deviations in 
the axial strains, between the experimental values and the FEA values. The indenter was modeled 
as a flat plate instead of a curved one to reduce convergence difficulties. Even after these 
assumptions were made, the iterative numerical analysis was not able to proceed to a dent depth of 
d/D =0.5. However, this model gave a clear and definitive indication of the effect of changes in 
the boundary conditions on the strains in pipes subjected to deep denting.
In the experimental work, extreme care was taken during the installation to protect the 
strain gages from destruction. A small misalignment in positioning the pipes on the MTS caused 
eccentricity because the entire beam and pipe set up rested on a 0.75 inch rod held by the MTS 
grips.
Finite element analysis is able to duplicate the pipe denting experiments with good 
accuracy in most of the test cases, given the large displacements, substantial changes in the overall
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geometry of the pipes, and bifurcation due to elasto-piastic behavior of the pipe material. The 
research work proved that FEA is, in general, and within computer hardware and software 
limitations, capable of duplicating the tremendous change in the geometry o f the pipe, the large 
yield patterns, resulting stresses and strains, and the potential damage that may result in the 
process of deep denting of pipes.
9.1. Suggestions for Future Research
The experiments and analyses performed in this research were done for one diameter to 
thickness aspect ratio. However, there is a wide range of parametric studies possible with deep 
denting experiments. Different aspect ratios, diameter to thickness and length to diameter ratios 
can be considered. Similarly, the thickness of the end plate can be treated as a variable to perform 
parametric studies on the stress/strain patterns due to deep denting of pipes, the indenter shape and 
size could also be varied. Since the edge of the indenter caused failure in one mode, a shorter knife 
edge indenter can be tried with the transverse mode of indentation on pipes with and without end 
plates to study if that mode causes failure. The rate of loading is an important consideration; in 
the present research, a rate of 0.0005 inch/sec was used in all the experiments. The effect o f the 
loading rate on the strain distributions can be researched by increasing the displacement rate in 
other experiments similar to the ones described in this dissertation. The data obtained from the 
present research could be very useful as a basis for comparison in future investigations.
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APPENDIX A 
STRAIN GAGE INSTALLATION 
A.I. Surface Preparation
High elongation strain gages were required in order to measure strains beyond yield and 
into the plastic zone. Absolute care was exercised in the preparation of surAces for installing these 
strain gages. The purpose of sur6ce preparation is to develop a chemically clean surface having a 
roughness appropriate to the gage installation requirements, a surface alkalinity corresponding to a 
pH of about 7, and visible gage layout lines for locating and orienting the strain gage. The 
procedure outlined by M-Line Accessories, Instruction Bulletin B-129 was observed while 
preparing the surface for the installation of these high elongation strain gages :
A l  l. Solvent Degreasing
The first step in the installation of strain gages involves degreasing. Degreasing was 
performed to remove oils, greases, organic contaminants, and soluble chemical residues. The first 
operation was always degreasing to avoid having the subsequent abrading operations drive surface 
contaminants into the clean surfiicc material. The CM Degreaser with an one way aerosol sprayer 
was used to degrease the strain gage area because dissolved contaminants cannot be carried back 
into the parent solvent. An area covering 4 to 6 inches on all sides of the intended gage location
535
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had to be degreased and in the case o f tensile coupons, the entire specimen was degreased. 
Degreasing was always done in one direction only. This procedure must be repeated until the 
sponge used for wiping is clean and a new sponge was used each time.
A. 1.2. Dry Abrasion
Sur&ce abrasion was done to remove any loosely bonded adherents and to develop a 
sur&ce texture suitable for bonding. Abrading was started with a coarse 60 grit silicon-carbide 
paper. Finish abrading was done with silicon-carbide paper of 120 grit. While installing high 
elongation strain gages, the gage areas were abraded thoroughly with a coarse 60 grit sand paper. 
The abrasion was performed so as to form a 45° cross hatched surAce in the gage area.
A. 1.3. Wet Abrasion
Abrading was done with M-Prep Conditioner A while keeping the surface wet. 
Conditioner A is a mildly acidic solution which generally accelerates the cleaning process.
A. 1.4. Gaee-Location Lavout Lines
The normal method was followed for locating and orienting a strain gage on the test 
surface by first marking the surface with a pair of crossed reference lines at the point where the 
strain measurement is to be made. The lines were made perpendicular to one another, with one line 
oriented in the direction of strain measurement. The gage was then installed such that the 
triangular index marks defining the longitudinal and transverse axes of the grid were aligned with 
the reference lines on the test surface. The layout lines were made with a tool which burnishes, 
rather than scribes the surface. A scribed line mav raise a burr or create a stress concentration.
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Such lines may also prove to be detrimental to strain gage performance. Usually a ball-point pen 
was used to burnish layout lines on a steel specimen.
A. 1.5. Surface Conditioning
After the layout lines were marked, Conditioner A was applied repeatedly, and the surface 
scrubbed with cotton-tipped applicators until a clean tip is no longer discolored by the scrubbing. 
During this process the sur6ce was kept constantly wet with Conditioner A until the cleaning was 
completed. When clean, the surÊice was dried by wiping through the cleaned area with a single 
stroke from one direction. Utmost care was taken to begin the stroke inside the cleaned area to 
avoid dragging contaminants in from the boundary of the area. Then, with a fresh sponge, a single 
slow stroke was made in the opposite direction. The sponge was not wiped back and forth and the 
Conditioner was not allowed to dry on the surface.
A. 1.6. Neutralizing
The final step in surAce preparation was to bring the surface condition back to an 
optimum alkalinity to 7.0 to 7.5 pH, which is suitable for all Micro-Measurements strain gage 
adhesive systems. This was done by applying M-Prep Neutralizer 5 liberally to the cleaned 
surface, and scrubbing the surAce with a clean cotton-tipped applicator. The cleaned surAce was 
kept completely wet with Neutralizer 5 throughout this operation. After neutralization, the surface 
was dned by wiping through the cleaned area with a single slow stroke of a clean gauze sponge. 
With a fresh sponge, a single stroke was then made in the opposite direction, beginning with the 
cleaned area to avoid recontamination from the uncleaned boundarv.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
538
A.2. Gage Installation Procedure
The strain gage used in the experiments were EP-08-250BG gages, purchased from the 
Measurements Group. These gages are capable of reading up to 20% strain if the proper adhesive 
is selected. The AE-10 adhesive was selected if strain readings o f 10% is sufiBcient. The 
Armstrong A-12 adhesive was used for 20% strain measurements.
After preparing the surAce as explained in the previous section, the gages were installed as 
per Measurement Group Instruction Bulletin B-137-16:
A.2.1. Strain Gaee and Solder Terminal Positioning
The gage was removed from the acetate envelope by grasping the edge of the gage backing 
with tweezers, and placing bonding side down on a chemically clean glass plate. The solder 
terminal was placed on the plate adjacent to the gage. A space of approximately 1/16 in. was left 
between the gage backing and terminal. One end of cellophane tape was tacked on to the glass 
plate behind the gage and terminal, and wiped forward onto the terminal and gage. Carefully the 
tape was then lifted at a shallow angle.
A.2.2. Strain Gaee Alignment
The gage/tape assembly was placed on the specimen so that the triangular alignment marks 
on the gage were over the layout lines previously burnished on the specimen. Holding the tape at a 
shallow angle, the assembly was wiped onto the specimen surface. If the assembly was not 
properly aligned the tape was lifted and realigned again.
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A.2.3. Strain Gage Bonding
The tape was lifted at a shallow angle until the gage and terminal are free of specimen 
surface. The loose end of the tape was tucked under so that the gage lies flat with the bonding side 
exposed.
A.2.4. Adhesive Preparation 
A.2.4.1. Preparing AE-10 Adhesive
Each kit of AE-10 adhesive contains materials for mixing six batches o f adhesive. One of 
the calibrated droppers was filled with Curing Agent 10 exactly to the number 10 and the contents 
were dispensed into the center of the jar of Resin AE. The bottle of Curing Agent was immediately 
capped to avoid moisture absorption. The contents were mixed thoroughly for 5 minutes, using 
one of the plastic stirring rods. The pot life or working time after mixing is 15 to 20 minutes. The 
dropper was discarded after use. AE-10 cures at 70° F in 6 hours, attaining a 6% elongation 
capability and essentially creep-free performance. To obtain 10% elongation capability, the cure 
time is extended to 24 to 48 hours at 75° F.
A.2.4.2. Preparing A-12 Adhesive
Armstrong A-12 consists of two parts. Part A and Fart B. The mix ratio can be varied to 
obtain a more flexible or more rigid bond by increasing or decreasing, respectively, the 
concentration of Part B. To obtain measurements in excess of 20% elongation, a 2:3 ratio of Part 
A and Part B was to be used. Two lengths of Part A (Brown) and three lengths of Part B (Gray) 
all of equal size and at least 1 inch long were dispensed on to a glass plate. The two components 
were blended together using a spatula until the mixture was of a uniform color. Care was taken to 
remove all remaining large particles of filler matenal. since particles left under the gage could
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result in premature gage failure. Spring clamps were used to apply constant pressure of 5-20 psi. 
The curing for A -12 adhesive is different from the AE-10 adhesive. In order to obtain maximum 
elongation capabilities in the range of 20% strains, the cure time is approximately 2 weeks at room 
temperature or 2 hours at 165°F. The specimen used in the experiments were cured in an 
autoclave.
A.2.5. Strain Gaee Curing
A rubber pad 3/32 inch thick was placed over the gage installation. This allowed the clamping 
force to be exerted evenly over the gage. A spring clamp was used to apply a pressure of 5 to 20 
psi. Care was taken to make sure the clamping pressure is equal over the entire gage. Unequal 
clamping pressure may result in an irregular glueline. In some cases where a clamp was not 
feasible, a sand bag was placed over the strain gage area that was calculated to provide 
approximately the same pressure. The gage was then cured following the recommendations to 
attain the desired strain measurements. After curing, the tape was pulled back directly over itself, 
peeling it slowly and steadily off the surface. Once the tape was removed, the gage was covered 
with another tape exposing only the solder tabs on the gage. The solder tabs were then coated with 
solder flux and the lead wires for the strain gages were soldered.
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APPENDIX B 
DESCRIPTION OF MTS TESTING SYSTEM
The MTS is an Axial-torsional testing system, which can be programmed using 
the Teststar, a software which works on an OS/2 operating system. The test procedures 
could be created using a displacement control or a force control in the axial mode and an 
angle control or torque control respectively. The MTS is equipped with two sets of 
gripping mechanisms, a wedge grip assembly and a collet grip assembly. The wedge grip 
assembly is used for axial mode applications only and has a capacity of 22,000 lbs in 
tension or compression. The collet grip assembly can be used in the axial or torsional 
applications and has a capacity of 55,000 lbs in the axial mode and 20,000 in.lbs in the 
torsional mode respectively. The grips are selected based on the application. The MTS is 
built with a load cell and a displacement cell which are capable of reading the load and 
displacement to a high degree of accuracy. The Teststar program has a feature which 
could read up to 16 channels of input. In addition to the load and displacement readings, 
the MTS is connected to a signal conditioner which could handle eight channels o f strain 
input at any given time.
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APPENDIX C
DESCRIPTION OF MULTI-CHANNEL SIGNAL 
CONDITIONER/AMPLIFIER 2100 SYSTEM
The 2100 System is a standard signal conditioner/amplifier system capable o f performing 
equally well in a wide variety o f test applications. The 2100 system accepts low-level signals, and 
conditions and amplifies them into high-level output suitable for multiple-channel simultaneous 
dynamic recording. A continuously variable amplifier gain is achieved via a locking ten-turn 
concentric-dial counting knob, which permits resetting to a predetermined value for repeating 
routine tests. The System accepts fiill, half, or quarter bridges, has all bridge-completion gages 
built in, including 120 and 350 ohm dummies. It has a fully adjustable and regulated bridge 
excitation on each channel. Other features include LED null indicators provided on each channel 
to indicate amplifier and bridge-balance condition. The System boasts a high stability with time. 
It has a direct channel-by-channel display of data, with optional peak hold/ retention capability. 
An adjustable bridge excitation control on each channel permits excitation to be set as specified by 
the strain gage or transducer manufacturer. The independent gain control for each channel 
provides a large output signal so that small signals can be resolved without overpowering the strain 
gage or transducer.
542
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C l. Setting up the 2100 System
The following steps are necessary to set up the 2100 System (Measurements Group TN-
502);
C.1.1. Bridge Excitation:
The recommended value of bridge excitation voltage for a particular size and type of gage. 
There are many 6ctors other than just the strain gage type are involved in determining this value. 
Strain gages are seldom damaged by improper setting of excitation voltages but this could result in 
a performance degradation. The heat generated within a strain gage must be transferred by 
conduction to the mounting surAce. When other factors are constant, the power-dissipation 
capability of a strain gage varies approximately with the area of the grid (active gage length x 
active grid width). The factors of primary importance in determining the optimum excitation level 
for any strain gage application are;
C .1.1.1. Strain gage grid area; Active length x active grid width 
C .1.1.2. Gage resistance; High resistance permit higher voltages for a given power level 
C. 1.1.3. Heat-sink properties of the mounting surface; Heavy sections of high thermal 
conductivity metals, such as copper or aluminum, are excellent heat sinks. Thin sections of 
low thermal conductivity metals, such as stainless steel or titanium, are poor heat sinks. Also, 
the shape of the gaged part may create thermal stresses in portions of the structure due to gage 
self-heating.
C.1.1.4. Environmental operating temperature range of the gage installation; Creep in the gage 
backing and adhesive will occur at lower ambient temperatures when grid and substrate
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temperatures are raised by self-heating effects. Apparent strain due to temperature will also be 
altered when grid and substrate temperatures are significantly different.
C.1.1.5. Required operational specifications; Gages for normal stress analysis can be excited at a 
higher level than under transducer conditions, where the utmost in stability, accuracy and 
repeatability is needed.
C. 1.1.6. Installation and wiring technique; If the gage is damaged during installation, if solder 
tabs are partially unbonded due to soldering heat, or if any discontinuities are formed in the 
glue line, high levels of excitation will create serious problems. Proper technique is essential in 
obtaining consistent performance in all strain gage work, but particularly under high-excitation 
conditions.
Measurements Group TN-502 provides plots of bridge excitation voltage vs. grid area for 
constant power-density levels in watts/in'. A large number of standard Micro-Measurements 
single-element gage patterns are listed at the various grid areas they represent. Separate plots are 
provided for different gage resistance. The power density is determined from the heat-sink 
conditions of the material tested, the nature of test (static or dynamic) and accuracy requirements. 
When grid area (Ac), gage resistance (Re), and grid power density (P’g) are known;
£ s = 2 - y j R o  X  P ' a  X  A c  
For the EP-08-250BG strain gages which were used in the experiments, the power density for steel
lies within 1 watts/in* to 2 watts/in' The resistance of these gages are 2.055. Bridge excitation
was calculated as 3.75 and 5.33 Volts. The bridge excitation voltage was set at 5 volts.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
545
C.1.2. Gain Settings:
GAIN should be set in each channel of strain measurement. There are two general 
methods o f  setting the GAIN control;
a. Mathematical
b. Empirical
The mathematical procedure was used. In many cases it is possible to predict and preset the 
amplifier gain required. If s is the desired maximum strain output required, then fi-om Tec Note 
507,
Eo FglO~^
E ~ A + l F e \ 0 -^
where,
Eo /  E = dimensionless bridge output, 
mV/VEo = output voltage, 
mVE = bridge supply voltage,
VF = gage factor of strain gage 
e = desired maximum strain, ps (microstrain)
The following example shows the calculation for strain gages using the mathematical approach;
The 08-EP-250BG strain gages are capable of measuring up to 100.000 ps when the AE- 
10 adhesive is used. Therefore this value was used in the calculations as the maximum desired 
value. The bridge supply voltage or the excitation voltage (E) was calculated to be 5V as 
explained in the previous section. The gage factor for 08-EP-250BG strain gages is 2.055 as 
obtained from the manufacturer. Substituting these values in the above formula.
^  =  4658 
E
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from which,
=132.9 mV
The maximum voltage output of the strain conditioner is 10,000 mV. To obtain 10,000 mV output 
for this value of bridge output voltage, the necessary gain is,
232.9
Therefore, the gain control is set at 2.1 and the multiplier switch at X20. This only provides a gain 
of 42 compared to the actual gain of 42.93. This is a minor error which could be neglected when 
the strain measurements are made in the range o f 100,000 ps. The strains recorded should be 
corrected for non-linearity which will be discussed in the next section.
C.1.3. Zero Adjustments:
The strains should be zeroed and balanced on the strain gage conditioner before starting 
the experiment. Usually a 30 minute warm-up is done before making final adjustments. The 
adjustments to be made are:
a. Set the Excitation switch off
b. Set Gain Multiplier and the Gain at the calculated values.
c. Adjust the Ampzero control until both Balance LED’s are extinguished.
d. Turn the Balance switch on and adjust until both Balance LED’s are extinguished.
Sometimes when this is done, the Ampzero adjustment shifts. Therefore, once the strain gage is 
balanced, the Balance switch is turned o f f  and Ampzero adjustment is repeated again. The last two 
steps are repeated as many times as necessary until both the Ampzero and Balance adjustments are 
properly achieved.
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C.2. Nonlinearity Corrections:
Measurements Group TN-507 explains wheatstone bridge nonlinearity and the corrections 
required. The nonlinearity error occurs because, when strain measurements are made with an 
'Unbalanced" Wheatstone bridge circuit, there are certain conditions under which the output of the 
bridge circuit is a nonlinear function of the resistance changes producing that output. The error 
due to the nonlinearity, when present, is ordinarily small, and can be ignored when measuring 
elastic strains in metals. However, the percentage error increases with the magnitude o f the strain 
being measure, and can become quite significant at large strains (for example, the error is about 
0.1% at lOOOpE, 1% at 10,000p£, and 10% at 100,000pe). Table 1 in TN-507 gives for a class of 
instruments which includes the 2100 system, the output voltage as a function o f  the applied strain 
for a variety of cases representing different strain states and different arrangements of gages on the 
structural member and within the Wheatstone bridge. In the denting experiments, a single active 
strain gage is used in a quarter-bridge arrangement. The table includes a ratio o f  the actual strain 
(e) to the indicated strain (s'), permitting correction of indicated strains with here formulas in the 
nonlinear cases. The incremental nonlinearity error, or correction (n), is defined as the amount 
which must be added algebraically to the indicated strain to obtain the actual strain. That is,
£ = e'-^n
For the single active gage in a quarter-bridge arrangement, it can be showu that the incremental 
error (in pe) is represented by the following expression:
F ( e ' ) -  X 10
n  =
- 6
2 -  F  fc-'x 10"’
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where,
F = Gage factor o f  the strain gage
This correction always has a positive sign, irrespective of the sign of the indicated strain, is to be 
added algebraically to the indicated strain. That is, the magnitude of an indicated tensile strain is 
always increased by adding the correction, while that of a compressive strain is always reduced. 
Therefore the actual strain is given by.
e = £
Fs 'x iQ -
1 + -
2 - F e ' x i Q - ^ )
The nonlinearity correction is applied to the indicated strains and the resultant stress-strain data is 
used for plotting.
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APPENDIX D
SESSION FILE FOR TRANSVERSE DENTING OF 12 INCH DIAMETER, 0.1875 INCH
THICK, MILD STEEL PIPE WITHOUT END PLATES
TITLE, 12 INCH DIAMETER, 0.1875 INCH THICK, NONLINEAR ANALYSIS WITHOUT 
END PLATE
SUBTITLE, CYLINDER AS GAP SOURCE AND CURVED PLATE AS GAP TARGET 
EGROUP, 1,SHELL4T,2.0,0,0,1,1,0,1,
MPROP,1,NUXY,0.3,
MPCTYP,1,1,
MPC, 1,0,1,0.001822,45057,0.00562,49193,0.0411,60100,0.0824,66900,0.238& 
,69400,0.266,69400,0.342,70100.0.5,70200,0.756,70500,
ACTSET,MP,l,
RCONST,I,1,1,6,0.1875,0,0,0,0,0,
PT, 1,0,0,0,
PT,2,6.09375,0,0,
PLANE,2.0,1,
CRPCIRCLE, 1.1,2.6.09375,180,2.
SFEXTR,I,2,1.Z.0.625.
SFEXTR,3,6,3.Z, 1.375.
SFEXTR,8,11,3,2,28.0.
SCALE.O,
ACTSET,EG,1.
ACTSET,MP,1,
ACTSET,RC,1.
COMMENT, MESH PIPE 
M_SF,1,2,1,4,50,4,1,1.
M_SF,3,4,1,4,50,7,1.1.
M_SF,5,6,l,4.50,l0,l,25,
NMERGE, 1,2448,1.0.0001.0.0,0,
NCOMPRESS. 1.2448,
COMMENT. START DEFINING ELEMENT AND MATERIAL PROPERTIES FOR 
INDENTER. INDENTER IS CURVED WITH A DIAMETER OF 0.625" AND 14" LENGTH 
EGROUP.2.SHELL4T.2.0.0.0.0.0.0.0.
MPROP.2.EX.29E06.NUXY.0.3.
RCONST,2.2.1.6.2.0.0.0.0,0.
COMMENT, START DEFINING GEOMETRY OF INDENTER 
PT. 14.6.1525.0.0.
PT. 15.6,465.0.0.
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PT, 16,6.465,0,0.3125,
PLANE. Y,0,1,
CRARC,18,14,16,15,0.3125,
SFEXTR,18,18,1,Y,7,
ACTSET,EG,2,
ACTSET,MP,2,
ACTSET,RC,2,
COMMENT, START DEFINING PROPERTIES FOR GAP ELEMENTS 
COMMENT, NEGLECT PREVIOUS COMMENT
COMMENT, MESH THE INDENTOR WITH QUITE BIG ELEMENTS THIS IS A 
REQUIREMENT BY COSMOS FOR CONVERGENCE 
M_SF,7,7,1,4,3,14,1,1,
COMMENT, START DEFINING PROPERTIES FOR GAP ELEMENTS
EGROUP,3,GAP,1,0,0,2,4,1,0,0,
RCONST,3,3.1.7,0,0,0,0,leK)08,0.1,
ACTSET,EG,3,
ACTSET,RC,3,
NL_GSAUTO, 1,1,1,7,7,1,1,
COMMENT, PROVIDE FOUR TRUSS ELEMENTS TO PREVENT RIGID BODY MOTION
PT, 19,7,0,0,
PT,20,7,0,0.3125,
PT,2I,7,7,0,
PT,22,7,7,0.3I25,
COMMENT, DEFINE PROPERTIES FOR TRUSS ELEMENTS 
EGROUP,4,TRUSS3D,0.0,0,0,0,0,0,0,
MPR0P,3,EX, 10E05,NUXY,0.3,
RCONST,4,4,1,4.0.1.0,0,0,
ACTSET,EG,4,
ACTSET,MP,3,
ACTSET.RC.4,
NDPT,2283,19,
NDPT,2284,20,
NDPT,2285,2I.
NDPT,2286,22.
EL.2398,CR,0.2.2223,2283,0,0,0,0,0,0.
EL,2399,CR,0.2.2226.2284,0,0.0,0.0.0,
EL,2400.CR,0,2.2279,2285,0,0.0,0,0,0,
EL,2401.CR.0,2.2282,2286,0.0,0.0.0,0.
COMMENT. FIX ALL DISPLACEMNTS ON TOP OF TRUSS ELEMENTS 
DND.2283..AL.0.2286.1,
COMMENT. SPECIFY DISPLACMENTS FOR PIPE 
DCR.1.UZ.0.2.1.RX.RY.,
DCR.4,UY,0.14.5.RX.RZ„
DCR.7.AL.0.17.5.
COMMENT. DEFINE TIME CURVE 
TIMES.0.2.0.02,
CURDEF.TIME.1.1.0.0.2.6.
COMMENT. START GIVING NONLINE.AR PARAMETERS 
NL CONTROL.0.1.
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NL_AUTOSTEP, 1, Ie-008,2,5,
NL_AUTOSTEP, I, Ie-008,2,2,
NL PRINT, 1,0,0,0,0,0,0,
NL PLOT,1,100,1,0,
NL_NRESP, 1,1,0,
A_NONLINEAR,S, 1,1,20,0.001,0,N,0,0, le+010,0.001,0.05,0,1, 
ACTSET,TC,I,
COMMENT, START GIVING DISPLACEMENTS FOR INDENTER 
DCR,20,UZ,0,20,1,RX,RY„
DCR,18,UY,0,18,1,RX,RZ„
DCR,19,UY,0,21,2,UZ,RX,RY,RZ„
DSF,7,UX,-I,7,1„
STRAIN_OUT,I,l,0,0,l,0,
REACTION,!.
C* Node must be specified 
PRINT_NDSET,1,1,1,
ACTDMESH,PH,l
PRINT_ELSET,5,401,402,601,601,416,417,425,426,450,450,
C* R_NONLINEAR,
C*
C* COSMOS/M Geostar VI.75
C* Problem : G4 Date : 7-10-96 Time : 20:25:00
C*
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APPENDIX E
SESSION FILE FOR TRANSVERSE DENTING AT QUARTER POINT OF 12 INCH
DIAMETER, 0.18755 INCH THICK, MILD STEEL PIPE WITH END PLATES
C*
C* COSMOS/M Geostar VI.75
C* Problem : g6 Date: 3-26-97 Time: 16:26:13
C*
C* FILE,G5.SES,1,1,1,1,
TITLE, 12 INCH DIAMETER 0.1875 INCH THICK NONLINEAR ANALYSIS WITH END & 
PLATE
SUBTITLE, CYLINDER AS GAP SOURC AND PLATE AS GAP TARGET 
EGROUP, i,SHELL4T,2,0,0,0,1,1,0,1,
MPROP,l,NUXY,0.3,
MPCTYP,1,1,
MPC, 1,0,1,0.001692,46013,0.00562,49193,0.0411,60100,0.0824,66900,0.7566 
,70200,
ACTSET,MP,1,
RCONST,1,1,1,6,0.1875,0.0,0.0,0,
PT, 1,0,0,-0.3125,
PT,2.6.09375,0.-0.3125,
PLANE,Z,0,1,
CRPCIRCLE, 1.1,2,6.09375,180,2,
SFEXTR,1,2,1,Z.0.625,
ACTDMESH,PH,1,
SFEXTR.3,6,3.Z,0.6875,
SFEXTR.8,11.3,Z.14,
SFEXTRl,2.1.Z.-0.6875,
SFEXTR,18.21.3.Z.-14,
SCALE.O.
SFEXTR,23,26.3,Z,-30.
SCALE.O.
M_SF.1.1.1.4,50.3.1.1.
M_SF.2.2.1.4.16.3.5.1.
M_SF.3.7.4.4,50.4.1.1.
M_SF,4.8.4.4.16.4.5.1.
M_SF.5.9.4,4.50.16.1.10.
M SF.6.10.4.4.16.16.5.10.
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M_SF,l 1,11.1,4,50,8.1,3,
M_SF,12,I2,1,4,16,8,5,3,
COMMENT, DEFINE GEOMETRY OF PLATE 
CRLINE.33,11,13,
CRNUBRK,33,33,1,2,05,0,
CRLINE.35,23,12,
SF3CR, 13,13,33,35,0,
SF3CR, 14,16,34.35,0,
SFREORNT,14,14,l,
COMMENT, NO NEED TO DEFINE GEOMETRY OF PLATE AT THE OTHER END 
COMMENT, DEFINE PROPERTIES OF PLATE 
COMMENT, EGROUP AND MPROP ARE SAME 
RCONST, 1,2,1,6,0.5,0,0,0,0,0,
COMMENT, MESH PLATE 
ACTSET,RC,2,
M_SF,13,13,1,4,50,3,1,1,
M_SF,14,14,1,4,16,3,5,1,
NMERGE,1,4148,1,0.0001,0,0,0,
NCOMPRESS, 1,4130,
COMMENT, DEFINE ELEMENT AND MATERIAL PROPERTIES FOR INDENTER 
EGROUP,2,SHELL4T,2,0,0,0,0,0,0,0,
MPROP,2,EX,29E06,NUXY,0.3,
COMMENT, DEFINE GEOMETRY OF INDENTER
COMMENT, INDENTER IS ACTUALLY CURVED BUT HERE IT IS DEFINED AS A THIN 
&
FLAT STRIP 
PT,24,6.1525,-0.15625,0.
PT,25,6.1525.0,0.15625,
PTDEL,24,24.1.
PTDEL.25,25,1,
PT,24,6.1525,0,-0.15625,
PT,25,6.1525,0.0.15625,
CRLINE.37,24,25,
SFEXTR,37,37,1,Y,7.0,
RCONST,2.3,1.6,2.0.0,0,0,0,0,
ACTSET,EG.2.
ACTSET.MP,2,
ACTSET,RC.3,
COMMENT. MESH THE INDENTER WITH BIG ELEMENTS 
COMMENT. THIS IS A REQUIREMENT FOR CONVERGENCE 
M_SF.15.15.1.4.2.14.1.1.
COMMENT. DEFINE PROPERTIES FOR GAP ELEMENTS 
EGR0UP.3.GAP. 1.0.0.2.4,1.0.0.
RCONST.3.4.1.7.O.O.O.0.1 E+008,0.1.
ACTSET.EG.3.
ACTSET.RC.4.
NL_GSAUT0.1.15,1.1.1.1.1,
COMMENT. PROVIDE FOUR TRUSS ELEMENTS TO PREVENT RIGID BODY MOTION 
PT.28.7.0.-0.15625.
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PT,29,7,0,0.15625,
PT,30,7,7,-0.15625,
PT,31,7,7,0.15625,
NDPT,3680,28,
NDPT,3681,29,
NDPT,3682,30,
NDPT,3683,3l,
EGROUP,4,TRUSS3D,0,0,0,0,0,0,0,0,
MPR0P,3,EX, 10E05,NUXY,0.3,
RCONST,4,5,1,2,0.1,0,
ACTSET,EG.4,
ACTSET,MP,3,
ACTSET,RC,5,
C* Undefined Node 1 
C* Undefined Node 1 
C* Undefined Node 1 
C* Undefined Node I 
COMMENT, DEFINE TIME CURVE 
TIMES,0,2,0.02,
CURDEF,TIME,1,1,0,0,2,6,
COMMENT, GIVE NONLINEAR PARAMETERS 
NL_CONTROL,0.1,
NL_AUTOSTEP,0,
NL_AUTOSTEP, I, lE-008,2,5,
NL_PRINT,1,0,0,0,0,0,0,
NL_PLOT, 1,500,1,0.
A_N0NL1NEAR,S, 1,1,20,0.001.0,N,0,0, lE+010,0.001,0.05,0,1,
ACTSET,TC,1,
PRINT_NDSET, 1,1,1,
PRINT_ELSET,1,1,1,
COMMENT, GIVE DISPLACEMENTS FOR INDENTER 
DSF,15,UY,0,15,1,UZ.RX,RY,RZ„
ACTSET.TC.l.
DSF,15,UX.-1,15,1„
ACTDMESH.PH,1,
DCR,4,UY,0,29,5,RX,RZ„
DCR,7AL,0.32.5,
COMMENT, GIVE DISPLACEMENTS FOR PLATE 
DCR.33,UY,0,34,1,RX.RZ„
COMMENT. GIVE DISPLACEMENTS ON THE OTHER END AS FIXED 
DCR,28,AL,0,31,3.
COMMENT, FIX ALL DISPLACEMENTS ON TOP OF THE TRUSS ELEMENTS 
DND,3680.AL.0.3683,l.
STRA1N_0UT,1,1,0.0.1.0.
RESTART. 1.
A_N0NL1NEAR.S. 1.1.20.0.001.0.N.0.0.1E+010,0.001.0.1,0.0.5.
RESTART. 1.
ACTDMESH.PH.1.
SCALE.O.
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APPENDIX F
SESSION FILE FOR LONGITUDINAL DENTING OF 12 INCH DIAMETER, 0.1875
INCH THICK, MILD STEEL PIPE WITHOUT END PLATES
C*
C* COSMOS/M Geostar V1.75
C* Problem : G2 Date : 1-20-97 Time : 16:55:08
C*
C* FILE,G.SES,1,1,1,1,
TITLE, 12 INCH DIAMETER 0.1875 INCH THICK NONLINEAR ANALYSIS WITHOUT 
END PLATE
SUBTITLE. PARALLEL LOADING WITH CYLINDER AS GAP SOURCE AND CURVED 
PLAT&
E AS GAP TARGET
EGROUP, 1 ,SHELL4T,2,0,0,0,1,1,0,1,
MPROP, 1,NUXY,0.3,
MPCTYP,1,1,
MPC, 1,0,1.0.001692,46013,0.00562,49193,0.0411,60100,0.0824,66900,0.2386 
,69400,0.266,69400,0.756,70200,
ACTSET,MP,1,
RCONST, 1,1,1,6,0.1875,0.0,0,0,0,
PT,1.0,0,0,
PT,2,6.09375,0,0, .
PLANE,2.0.1,
CRPCIRCLE, 1,1,2.6.09375,180.12,
ACTDMESH.PH.1,
SFEXTR, 1,12.1,2.8.
SCALE,0,
ACTDMESH.PH.1.
SFEXTR. 13.13.1,2.2.0.
SFEXTR. 16,36,2,2.2,
SFEXTR.38,38,1,2.20.
SFEXTR.41.61.2.2.20,
SCALE,0.
ACTSET.EG.l.
ACTSET.MP.l.
ACTSET.RC.l.
COMMENT, MESH PIPE 
M S F .l.1.1.4.9,42.1.1.
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M_SF,2,2,1,4,6,42,1.75,1,
M_SF,3,3,1,4,3,42,1.75,1,
M_SF,4,12,1,4,3,42,1,1,
M_SF,13,13,1,4,9,13,1,1,
M_SF,14,14,1,4,6,13,1.75,1,
M_SF,15,I5,l,4,3,13,1.75,l,
M_SF,16,24,1,4,3,13,1,1,
M_SF,25,25,1,4,9,11,1,25,
M_SF,26,26,1,4,6,11,1.75,25,
M_SF,27,27,1,4,3,11,1.75,25,
M_SF,28,36,1,4,3,11,1,25,
NMERGE, 1,3933,1,0.0001,0,0,0,
NCOMPRESS, 1,3933,
COMMENT, DEFINE ELEMENT AND MATERIAL PROPERTIES FOR INDENTOR 
COMMENT, INDENTOR IS CURVED DIA = 0.625" AND L = 14" 
EGROUP,2,SHELL4T,2,0,0,0,0,0,0,0,
MPROP,2,EX,29E06,NUXY,0.3,
RCONST,2.2,1,6,2,0,0,0,0,0,
COMMENT, DEFINE GEOMETRY OF INDENTOR 
PT,54,6.1525,0,0,
PT,55,6.465,0,0,
PT,56,6.465,0.3125,0,
PLANE,Z,0,1,
CRARC,88,54,56,55,0.3125,
SFEXTR,88,88,1,2,7,
ACTSET,EG.2.
ACTSET,MP,2,
ACTSET,RC,2,
COMMENT, MESH THE INDENTOR WITH QUITE BIG ELEMENTS 
COMMENT, THIS IS A REQUIREMENT FOR CONVERGENCE 
M_SF,37,37,1,4.3.14,1,1,
COMMENT, DEFINE PROPERTIES FOR GAP ELEMENTS INCLUDE FRICTION 
COMMENT, FRICTION BETWEEN STEEL AND STEEL =0.15 
EGR0UP,3,GAP, 1,0,0,2.4,1,0,0,
RCONST.3,3,1,7,0,0,0.0, lE+008,0.1.
ACTSET,EG.3,
ACTSET,RC.3.
NL_GSAUTO. 1,37,1,1.1.1,1,
COMMENT, PROVIDE FOUR TRUSS ELEMENTS TO PREVENT RIGID BODY MOTION 
PT,59,7.0.0,
PT,60,7,0.3125,0.
PT.61,7,0,7.
PT.62.7,0.3125,7.
COMMENT. DEFINE PROPERTIES OF TRUSS ELEMENTS 
EGROUP,4,TRUSS3D.O,0,0,0.0,0,0.0.
MPROP.3.EX,10E05,NUXY,0.3,
RCONST.4.4.1.2.0.1.0.
NDPT.3143.59.
NDPT.3144.60.
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NDPT,3145,61,
NDPT,3146,62,
EL,3443,CR,0,2,3083,3143,0,0,0,0,0,0, 
EL,3444,CR,0,2,3086,3144,0,0,0,0,0,0,
EL,3445,CR,0,2,3139,3145,0,0,0,0,0,0,
EL,3446,CR,0,2,3142,3146,0,0,0,0,0,0,
COMMENT, FIX ALL DISPLACEMENTS ON TOP OF TRUSS ELEMENTS 
DND,3143,AL,0,3146,1,
COMMENT, SPECIFY DISPLACEMENTS FOR PIPE 
DCR,1,UZ,0,12,1,RX,RY„
DCR, 14,UY,0,64,25,RX,RZ„
DCR,37,AL,0,87,25,
COMMENT, DEFINE TIME CURVE 
TIMES,0,36,0.02,
CURDEF,TIME, 1,1,0,0,36,6,
COMMENT, GIVE NONLINEAR PARAMETERS 
NL_CONTROL,0,l,
NL_AUTOSTEP. 1, lE-008,2,2,
NL_PR1NT,1,0,0,0,0,0,0,
NL_PLOT.1,100,1,0.
NL_NRESP, 1,1,0,
A_NONLINEAR,S, 1,1,20,0.001,0,N,0,0,1 E+010,0.001,0.1,0,1,
COMMENT, GIVE DISPLACEMENTS FOR INDENTOR 
ACTSET,TC,1,
DCR,88,UZ,0,88,1,RX,RY„
DCR,90,UY,Q,90, l,RX,RZ„
DCR,89,UY,0,91,2,UZ,RX,RY,R2.,
DSF,37,UX,-1,37,1„
STRAIN_0UT,1,1.0,0,1,0.
REACTION,!,
TIMES,0,2.0.02,
CURDEF,TIME.1,1,0.0,2,6,
ACTSET,TC,1,
PRINT NDSET. 1,1,1.
PR1NT_ELSET,1,1,1,
ACTDMESH,PH,1.
C* R NONLINEAR,
C *
C *  COSMOS/M GeostarVI.75
C* Problem : G2 Date; 1-21-97 Time ; 23:24:53
C*
C* FILE.G.SES.1.1.1.1.
A_NONLINEAR.S, 1.1.20.0.001.0.N.0.0.1 e+010.0.001.0.05.0.0.5.
RESTART.!.
C* R_NONLrNEAR- 
C*
C* COSMOS/M Geostar V I.75
C* Problem G2 Date: 1-22-97 Time : 15:03:46
C*
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